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ABSTRACT 
Polychlorinated biphenyls (PCBs) are persistent organic pollutants that can accumulate 
in the adipose tissue. PCBs can then be mobilized and transported across the placenta and 
through breast milk to affect developing offspring. Previously we have observed that 
developmental exposure to PCBs results in increased susceptibility to audiogenic seizures 
(AGS) in 12 month old rats that had previously been exposed to a noise induced hearing loss 
paradigm. Here, studies were conducted to assess the susceptibility to AGS in young adult rats 
following developmental PCB exposure alone (without loud noise exposure), and to determine 
if there was an underlying decrease in GABA inhibitory neurotransmission in the inferior 
colliculus (IC) that could potentially explain this effect. Rats were developmentally exposed to 
the environmentally relevant „Fox River PCB mixture‟ at 0 or 6 mg/kg/day through gestation 
and until weaning. As young adults 1 male and 1 female from each of the exposed litters were 
tested on a classic AGS paradigm. Another male and female pair from each litter was chosen 
for western blot analysis of glutamic acid decarboxylase (GAD) protein and GABAAα1 receptor 
protein expression in the IC, the site in the auditory brainstem where AGS are initiated. There 
was a significant increase in the number and severity of AGS in rats (both males and females) 
from the 6 mg/kg PCB dose group compared to control. There also was a significant decrease 
in GAD65 but no decrease in GAD67 or GABAAα1 protein levels in the IC of PCB exposed 
animals compared to controls.  
A study was then conducted to assess whether developmental PCB exposure would 
result in increased seizure susceptibility outside the auditory brainstem using the amygdala 
kindling model (a well characterized model of temporal lobe epilepsy in rodents). Two males 
from each of the litters described above were implanted bilaterally with electrodes in the 
basolateral amygdala as adults. For each animal a number of seizure indices were measured, 
which included, afterdischarge (AD) thresholds, primary and total AD duration, sessions to 
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each stage of behavioral seizure, sessions spent in each behavioral stage and generalized 
seizure thresholds.  Although developmental PCB exposure did not affect the AD threshold or 
the total AD duration, PCB exposure did increase the latency to behavioral manifestations of 
seizure propagation. PCB exposed animals took significantly longer to reach stage 2 seizures 
compared to control animals indicating that PCB exposure attenuated focal (amygdaloidal) 
excitability. Given this unexpected finding, measures of GAD65 and GAD67 protein levels were 
made in the basolateral amygdala. No significant effect of PCB exposure was seen for either 
GAD65 or GAD67 in the basolateral amygdala. 
These series of experiments confirmed that developmental PCB exposure caused AGS 
to occur in adulthood and that reduced GAD65 in the IC may explain this increased 
susceptibility. The amygdala kindling study exposed gaps in our knowledge of PCB action 
outside the auditory system. The delay in kindling may be explained by reduced plasticity due 
to PCB exposure, but further research is needed to confirm this. Together, these studies have 
shown that PCB exposure during development has complex actions in neural systems and that 
more research is needed in order to better understand the potential for negative human health 
impacts.   
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CHAPTER 1 
 
BACKGROUND AND SIGNIFICANCE 
 
1.1 Polychlorinated biphenyls 
Polychlorinated biphenyls (PCBs) are halogenated aromatic hydrocarbons that were 
used as dielectric fluids or coolants in transformers, capacitors and other large electrical motors, 
and also as additives in flame retardants, sealants, plasticizers and in carbonless copy paper 
until production was banned in the late 1970‟s.  Widespread use, large scale environmental 
contamination and slow biodegradation have led to PCBs being ubiquitous and persistent 
environmental contaminants. PCBs have been shown to bioaccumulate and biomagnify through 
the food chain and they continue to accumulate in the adipose tissue of humans and animals 
(reviewed by Crinnion 2011). Currently, the main source of PCB exposure in humans is through 
the consumption of contaminated fish, followed by inhalation of polluted air (Crinnion, 2011). 
PCBs have been found in caulking material of older buildings, including older schools and are 
present in pigmented paints resulting in continued indoor air contamination (Ampleman et al., 
2015; Anezaki et al., 2014; Hu and Hornbuckle, 2010).  
 In humans, PCBs have a long half-life of around 10-15 years (Ritter et al., 2011), they 
readily cross the placenta (Jacobson et al., 1984), and PCBs mobilized from adipose tissue can 
enter the new born through breast milk (Jacobson et al., 1984). These factors are cause for 
concern as critical developmental processes occur during fetal and early postnatal development 
and PCB exposure during these critical periods may have effects that last into adulthood.  
 As reviewed by Safe (1993), the PCB molecule is made up of two phenyl rings with ten 
positional openings for chlorine attachment. There are 209 different PCB congeners with 1-10 
chlorine substitutions, and the toxicity of these congeners varies with both the degree of 
chlorination and the positions of the chlorines on the molecule. Based on structure, there are 
two main classes of PCBs; coplanar and non-coplanar. PCB congeners with two para-chlorines, 
two or more meta-chlorines and no ortho chlorines can assume a planar configuration, activate 
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the Aryl Hydrocarbon receptor (AhR), and are therefore known as “dioxin like” PCBs (Safe, 
1993). Non-coplanar PCBs have one or more ortho-chlorines and cannot assume a planar 
configuration due to steric hindrance. These compounds show little or no affinity to the AhR but 
do activate ryanodine receptors (RyR‟s; Wong and Pessah, 1996) and have both neurochemical 
and endocrine effects (Tilson et al., 1998; Kim et al., 2009; Wayman et al., 2012). 
Commercial PCBs such as the Aroclors were complex mixtures of these congeners. 
Once disposed of into the environment, differences in chemical and physical stability of each 
congener caused some to degrade faster than others. Therefore, environmental mixtures do not 
resemble the composition of any of the original commercial mixtures that were produced. For 
this reason, the experiments detailed in chapters 3 and 4 uses an experimental PCB mixture 
created to resemble an environmental mixture of PCBs to which humans are exposed. The PCB 
mixture (Fox River PCB mixture) was formulated to mimic the PCB congener profile found in 
Walleye, a popular sport-caught fish, taken from the highly PCB-contaminated Fox River in 
northeast Wisconsin. This mixture contains commercially available Aroclors in the specific ratio 
of 35% Aroclor 1242, 35% Aroclor 1248, 15% Aroclor 1254 and 15% Aroclor 1260, which led to 
a PCB mixture that has low AhR activity but substantial RyR activity (Kostyniak et al., 2005). 
The toxicity of this “Fox River PCB mix” was assessed by exposing female rats doses of 1, 3 
and 6 mg/kg/day during gestation and lactation.  Both the dam and pups showed no overt 
clinical signs of toxicity however, lower birth weights, slower postnatal growth and an increased 
liver to body weight ratio in pups did indicate a dose-response effect of PCBs in the pups during 
early development (Kostyniak et al., 2005).  
PCBs have been associated with a myriad of physiological changes in humans as well 
as in animal models. Some studies have focused on the effects of developmental PCB 
exposure on cognitive endpoints such as deficits in inhibitory control and working memory in 
rodents and monkeys (reviewed by Eubig et al., 2010). Others have shown similar effects of 
PCB exposure in children (reviewed by Boucher et al., 2009). These behavioral effects could be 
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mediated by the depletion of brain dopamine (Seegal et al., 1997), a decrease in circulating 
thyroid hormones (Powers et al., 2006) or activation of ryanodine receptors, which are involved 
in calcium regulation in the central nervous system (Pessah et al., 2010). 
 
1.2 PCBs and the Thyroid hormone system 
 
 Along with changes to the neurochemistry of the brain, PCBs have been shown to alter 
endocrine function. Particularly, developmental PCB exposure has been shown to alter 
circulating thyroid hormone concentrations (Brouwer et al., 1998; Goldey et al., 1995). In a study 
of adult rats, Martin and Klassen (2010) showed that oral exposure to PCBs (both coplanar and 
non-coplanar) for only seven consecutive days was enough to significantly reduce circulating 
levels of thyroxin (T4) in a dose dependent manner. There is evidence to indicate that PCBs 
induce thyroid hormone (TH) metabolism via the activation of liver UDP-glucoronyl transferases, 
and can displace T4 from the TH transport protein thransthyretin (Brouwer et al., 1998). 
Together these mechanisms account for the dramatically reduced amount of circulating T4.  
However, while thyroxin levels are dramatically affected by PCB exposure, triiodothyronin (T3) 
levels and thyroid stimulating hormone (TSH) levels do not show significant changes (Morse et 
al., 1996; Martin and Klassen, 2010). This could be partially explained by the fact that PCBs 
closely mimic the molecular structure of thyroxin and can bind to thyroid hormone receptors 
(Fonnum and Mariussen, 2009; Brouwer et al., 1998). In vivo and in vitro evidence further 
demonstrates that PCBs have complex actions on brain tissue, mimicking the actions of TH in 
some ways, and in other ways mimicking patterns seen in hypothyroidism (Bansal and Zoeller 
2008; Gauger et al., 2004).  
 
1.3 Thyroid hormone and auditory system development 
 
It is well established that TH plays a prominent role in the proper development, 
maturation and function of the nervous system, including the auditory system (Chan and Kilby, 
2000; Forrest et al., 1996). Global disruption of TH, such as deletion of all TRs, genetic or 
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pharmacological induction of hypothyroidism and the blocking of TH transport into the CNS via 
genetic manipulation of Deiodinase 2 (D2) have all been demonstrated to result in abnormal 
cochlear development and profound hearing loss (Rusch et al., 2001; Goldey et al., 1995; 
Knipper et al., 1998; Ng et al., 2004). TH is also essential for the proper development of inner 
ear structures. Deletion of all known thyroid hormone receptors in mice using a germline 
deletion of Thra and Thrb resulted in an abnormal tectorial membrane (TM); this abnormality 
was observed at PND8 and remained into adulthood (Rusch et al., 2001). Similarly, germline 
deletion of TR alone, in mice, led to a severe malformation, which included thickening and 
gross abnormality of the TM (Winter et al., 2009). Finally, a Thrb mutation, ThrbPV ; a knock-in 
mouse model mimicking resistance to TH, resulted in TM abnormalities that were almost 
identical to those seen in the germline deletion models (Griffith et al., 2002).   
The mechanism behind these observations has yet to be delineated, however, it is clear 
that TH via its receptor TR plays an important role in the proper maturation of the TM, perhaps 
through the regulation of proteins necessary for structural support of the TM. The TM sits above 
the organ of corti and allows for outer hair cells (OHC) stereocilia attachment and subsequently 
the opening of ion channels in response to sound. Therefore, a malformed TM would indirectly 
affect OHC function, which includes the cochlear amplification process and protection of inner 
hair cells (IHC) from noise.  
The morphological changes seen at the level of the cochlea in neonatally hypothyroid 
Wistar rats indicate that OHCs may be more vulnerable than other regions of the cochlea (Uziel 
et al., 1983). Furthermore, TH involvement in OHC functionality was shown by Winter et al., 
(2006). They explored the dependence of prestin protein, which allows for the electromotility of 
OHCs (Weber et al., 2002), and also potassium channel expression in OHCs on TH availability, 
and observed immature patterns of prestin expression and down regulated potassium channel 
expression in OHCs of neonatally hypothyroid animals. 
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TH may also play a role in the myelinogenesis of the VIIIth cranial nerve. In a study by 
Knipper et al., (1998) where hypothyroidism was induced by administration of methyl-mercapto-
imidazol (MMI) to the dams from gestational day (GD) 2 until pup sacrifice on PND 17, exposed 
pups displayed immature myelination of the VIIIth cranial nerve prior to the onset of auditory 
function, compared to control animals. Given the importance of TH in the development of the 
auditory system, developmental PCB exposure may have broad impacts on its proper 
development and function. 
 
1.4 PCBs and auditory function 
The earliest studies assessing the impact of developmental exposure to PCBs on 
auditory function looked at maternal exposure to Aroclor 1254 during gestation and lactation 
and found low frequency hearing loss in adult offspring, as measured by reflex modification 
audiometry (Goldey et al., 1995; Herr et al., 1996). The authors hypothesized this loss of 
auditory function was due to a reduction in TH caused by developmental PCB exposure. As 
mentioned before, TH is necessary for the normal development of the cochlea (Uziel, 1986). In 
a follow-up study, postnatal thyroxin replacement was successful in partially ameliorating the 
auditory deficits seen in Aroclor 1254 exposed animals, thereby strengthening the case for the 
TH reduction hypothesis (Goldey and Crofton, 1998). Furthermore, it was shown that Aroclor 
1254 exposure during perinatal development caused a loss of outer hair cells (OHCs) in regions 
of the cochlea that are responsible for low frequency hearing (Crofton et al., 2000). Using 
distortion product otoacousitc emissions (DPOAEs), an indirect measure of the functional 
integrity of OHCs in the cochlea, Lasky et al., (2002) further documented that the OHCs were a 
target of developmental PCB exposure. Later work from our group showed that rats exposed to 
an environmentally relevant PCB mixture (Fox River PCB mix) during perinatal development 
had lower DPOAE amplitudes and higher thresholds at all frequencies tested (Powers et al., 
2006; Powers et al., 2009; Poon et al., 2011). Also, PCB exposure increased auditory brainstem 
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response (ABR) thresholds, but did not affect ABR latencies or amplitudes at any of the 
frequencies tested (Powers et al., 2006; Herr et al., 1996). These findings provide further 
evidence of a dysfunction at the level of the cochlea/OHCs in PCB exposed animals.    
However, in contrast to Crofton et al. (2000), perinatal PCB exposure did not cause a significant 
loss of OHCs within the cochlea (Powers et al 2009, unpublished findings). Further, no changes 
in the tectorial membrane or spiral ganglion neurons were observed in PCB exposed animals 
(Poon et al., unpublished observations). Therefore, it has been hypothesized that PCB exposure 
causes hearing loss by producing functional abnormalities at the level of the OHCs (Poon et al. 
2011).  
Most human epidemiological studies assessing the impact of PCBs have not assessed 
auditory function. However, studies that have are suggestive of mild auditory deficits. A study 
conducted in the Faroe Islands where Islanders are exposed to high levels of PCBs through 
their diet, found that prenatal exposure to PCBs led to auditory deficits in children (Grandjean et 
al. 2001). These deficits were mild, occurring only at selected frequencies and only in the left 
ear. Similarly, an investigation into PCB levels in maternal serum during pregnancy and hearing 
thresholds in 8 year old offspring, revealed mild hearing deficits at selective frequencies 
(Longnecker et al., 2004). Recently, serum PCB levels were measured in 8-9 year old children 
from three cities in Slovakia with differing PCB exposures (Trnovec et al., 2008). Using 
transiently evoked otoacoustic emissions (TEOAE), an otoacoustic measure that also assesses 
the integrity of OHCs, the authors were able to discern a correlation between higher PCB 
exposure and both lower TEOAE amplitudes and higher TEOAE thresholds (Trnovec et al., 
2008). Following the same cohort of children to 12 years of age, the group assessed both 
DPOAEs and TEOAEs and concluded that higher serum PCB concentrations were also 
associated with lower DPOAE amplitudes (Trnovec et al., 2010). A closer assessment of the 
correlation between maternal/cord blood vs. 6, 16 and 45 month old child blood PCB 
concentrations and reduced DPOAE amplitudes revealed that postnatal rather than maternal or 
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cord PCB concentrations were associated with poorer performance on otoacoustic tests (Jusko 
et al., 2014). Similarly, in a recent study that analyzed the association between serum PCB 
levels and hearing impairment in adulthood in a sample of the US population (National Health 
and Nutrition Examination Survey, 1999-2004) found that there was a negative association, 
between PCB exposure and hearing in adulthood (Min et al., 2014). These studies suggest that 
exposure to PCBs can cause long lasting hearing deficits in humans. The epidemiological 
studies using DPOAEs to assess hearing also highlight the relevance of the rodent model our 
group has used to determine the effects of developmental PCB exposure on auditory function.      
 
1.5 PCBs and audiogenic seizures 
 
 Recent work from our group has shown that, in addition to causing hearing loss, 
developmental exposure to PCBs increases the susceptibility to audiogenic seizures in adult 
rats (Poon et al., 2015).  Acoustically evoked convulsions or audiogenic seizures (AGS) are a 
phenomenon observed primarily in “lower order” mammals such as rabbits and rodents. These 
seizures are elicited by an intense sound stimulation at high frequency that causes the animal to 
experience a generalized seizure. The initiation and propagation of AGS activity relies upon 
hyperexcitability in the auditory brainstem and in particular the inferior colliculus (IC) has been 
extensively documented as an important structure in the hyperexcitable cascade (Coleman et 
al., 1999; Eells et al., 2004; Ishida et al., 1995; Ross and Coleman, 2000). AGS are a unique 
type of seizure in that they follow distinct stages of propagation. As reviewed by Ross and 
Coleman, 2000, there are five distinct stages of AGS progression in rodents. 
(i) The wild run or running fit – a unique phenomenon observed only during AGS, where 
the animal runs uncontrollably at high speed. 
(ii) A second running phase – A second running fit may or may not follow the initial 
running fit after a brief (~5-10 second) pause. Jobe et al., 1973 recognized that a 
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single running fit followed by a clonic seizure is a more severe seizure than a clonic 
seizure that follows two running fits. 
(iii) Clonus – Clonic convulsions are characterized by full body muscle spasms, rocking 
motions and jumping. 
(iv) Tonus – The strongest of convulsions, characterized by extension of the dorsal 
surface of the animal (Long Evans rats are not susceptible to tonus seizures). 
(v) Post itcal recovery – An immobilization of the animal following any of the (i)-(iv) 
stages. This stage is seen after sound stimulation has ended. 
  
Some well-defined models of AGS include the use of genetically modified rodents that 
are susceptible to AGS or developmentally inducing AGS in normal animals. Currently there are 
two lines of genetically epilepsy prone rats (GEPRs) that have inherent traits of AGS. They were 
identified and bred over a large number of breed cycles and readily exhibit convulsions to noise 
exposure (Faingold, 1988). There are also over a dozen inbred mouse strains that are AGS 
prone. DBA/2J mice are one of them, and Neumann and Collins (1991), report that at least 3 
gene loci are associated with AGS susceptibility in these animals. Similarly, the fragile x mice 
(Chen and Troth, 2001) and the thyroid hormone receptor beta mutant mice (Ng et al., 2001) 
have also been identified as having increased susceptibility to AGS.  
In addition to inherited susceptibility, AGS can be induced in previously normal animals. 
In rats it has been shown that inducing a hearing deficit during the critical period of cochlea 
maturation (within the first three postnatal weeks after birth) results in an increase in AGS 
susceptibility later in life (Ross and Coleman 1998; Ross et al., 2001). Administration of ototoxic 
drugs, intense acoustic stimulation (priming) and, importantly, neonatal thyroid deficiency during 
development all can result in increased susceptibility to AGS later in life (Pierson and Li, 1996; 
Reid and Collins, 1986; Ross et al., 2001; Sakamoto and Niki, 2001; Yasuda et al., 2000).  
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In adulthood, AGS can also be induced by exposure to compounds that interfere with the 
proper function of γ-Aminobutyric acid (GABA), the major inhibitory neurotransmitter in the 
auditory brainstem. For example both chronic salicylate exposure and magnesium deficiency 
affect GABA levels in the IC and lead to AGS in rats (Bauer, 2000; Bac et al., 1998). 
Interestingly, AGS is also seen in animals that are put through models of alcohol withdrawal 
syndrome, again indicating that GABA plays a prominent role in AGS (Faingold, 1998).  
As mentioned earlier, the inferior colliculus (IC) plays a crucial role in the initiation and 
propagation of AGS. Studies have shown that animals that exhibit AGS when exposed to a 
sound stimulus have significantly higher c-fos mRNA expression in the IC compared to animals 
who did not exhibit AGS to a sound stimulus (Kato et al., 1996). In AGS prone animals the c-fos 
expression was highest in the IC, followed by central grey and medial and central amygdaloid 
nuclei (Kato et al., 1996). Very little expression of c-fos mRNA was seen in the hippocampus 
(Ishida et al., 1995), a structure that elicits high levels of c-fos mRNA expression with forebrain 
seizures such as those initiated with electroshock or pentylenetetrazole administration (Eells et 
al., 2004).  
Physical or chemical ablation of the IC has been shown to interfere with the initiation of 
AGS. It has also been shown that lesions to the IC and not to structures upstream of the IC, 
such as the medial geniculate body can inhibit AGS (Browning, 1986; Faingold, 1999; Ribak 
and Morin, 1995).  Finally, administration of anticonvulsants to the IC prior to noise exposure 
significantly reduces AGS in rats (Faingold et al., 1994), and conversely electrical stimulation of 
the IC can cause animals to experience audiogenic-like seizures (McCown et al., 1984). From 
these studies it is clear that the IC is the gateway to AGS and plays an important role in 
modulating AGS sensitivity in the brainstem.   
The general understanding of seizures is that they are caused by an imbalance between 
excitatory and inhibitory neurotransmitters in the brain, and it has been hypothesized that 
neurotransmitter imbalances at the IC result in the initiation of AGS (reviewed by Faingold 
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2002). The IC plays a vital role in normal processing of acoustic information from the cochlear 
nucleus and GABA plays a crucial role in attenuating the acoustic signal in structures such as 
the IC and the superior colliculus (Faingold, 2002). GABA receptor complexes flux chloride ions 
into the neuron via chlorine channels. This process produces hyperpolarization in most neurons 
(Bormann, 2000; Perkins and Wong, 1997), which is important for proper neuronal function. 
Dysfunction, such as a lack of or down regulation of GABA activity may result in excitotoxicity. 
Studies have shown that abnormalities of GABA mediated neuro-inhibition at the level of the IC 
may lead to pathologies including tinnitus, age related hearing loss and AGS (Bauer et al., 
2000; Caspary et al., 1999; Faingold, 1999).  
Developmental PCB exposure has been shown to increase the incidence of AGS in 
adult rats (Poon et al., 2015), however, the exact mechanism for this increase is unclear. PCB 
exposure during development causes a reduction in circulating T4 levels (Goldey et al., 1995; 
Goldey and Crofton, 1998) and this reduction may lead to impaired OHC function (Crofton et al., 
2000; Powers et al., 2006). Functions of OHCs include frequency selectivity and increasing the 
sensitivity to sound, sometimes referred to as „the cochlear amplification process‟. This process 
is non-linear, and at loud noise intensities the OHCs can stiffen to compress the acoustic 
stimulus, thereby protecting the inner ear from noise induced hearing damage (Liberman, 1984). 
A functional deficit of OHCs during development may lead to attenuated acoustic signal 
propagation in the auditory brainstem, priming PCB exposed animals (much like acoustic 
damage during development primes the auditory system). The same functional deficit could also 
leave these animals more vulnerable to stronger acoustic signal development when presented 
by a loud noise (due to the lack of OHC acoustic compression) (Lim, 1986). A potential 
mechanism is that attenuated acoustic signaling during development in PCB exposed animals 
may lead to permanent down regulation of GABA neurotransmission in the auditory brainstem 
structures such as the IC.   
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In the IC of rats, 20-30% of neurons are GABA immunoreactive (Merchan et al., 2005). 
GABA is synthesized by the decarboxylation of glutamate which is catalyzed by glutamic acid 
decarboxylase (GAD). In the CNS two forms of GAD; GAD65 and GAD67 are highly conserved. 
GAD67 is cytoplasmic and seems to be responsible for significant cytoplasmic GABA production 
(Soghomonian and Martin, 1998) whereas GAD65 is found on the membrane and is responsible 
for vesicular GABA production (Soghomonian and Martin, 1998). Therefore, GAD protein levels 
are directly correlated to the amount of GABA being produced by neurons and the amount of 
inhibition that may occur. By measuring GAD protein levels in the IC of developmentally PCB 
exposed rats one can obtain an indirect measure of the amount of endogenous GABA that is 
available for inhibition of signals from the cochlea.   Taken together, it can therefore be 
hypothesized that the increased sensitivity to loud sound in developmentally PCB exposed 
animals may be a result of decreased GABA synthesis at the level of the IC.  
Secondary to the OHC dysfunctional hypothesis evidence indicates that GABA receptors 
themselves may be a target of PCB exposure. In a study aimed at examining the possible 
contribution of PCBs in the inhibition of uptake of GABA into synaptosomes of rats, PCB 
mixtures Aroclor 1242 and 1254 inhibited high affinity uptake of GABA (Mariussen and Fonnum, 
2001). They observed that the highly chlorinated ortho-PCBs were responsible for partially 
inhibiting the uptake of both GABA and glutamate even at low concentrations. Therefore, 
developmental PCB exposure may modulate the amount of GABA/Glutamate at the synapse, 
leading to an increased susceptibility to AGS given an auditory stimulus. However, this study 
was done in vitro with a very brief and immediate PCB exposure. Thus, it is unlikely that this 
finding will explain the long lasting, AGS inducing effects of developmental PCB exposure.    
 
1.6 Kindling at the amygdala 
 
Although developmental PCB exposure has been shown to induce audiogenic seizures 
(AGS) in rodents little is known about the effects of PCBs on seizure activity outside the auditory 
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brainstem. Therefore, it is important to determine whether developmental PCB exposure may 
increase the susceptibility to seizures outside of the auditory system. Multiple rodent models of 
epilepsy exist, among them; Flourothyl, Pentelenetetrazole (PTZ) and electrical kindling are 
routinely used to assess epileptogenesis to a variety of environmental contaminant exposures.  
Kindling refers to the gradual development of behavioral seizures with exposure to 
repeated sub-threshold electrical or chemical stimuli (Goddard et al, 1969). It is a well-
characterized model of epilepsy where both behavioral and electrographic parameters of 
convulsive activity can be examined throughout the development and propagation of low 
intensity stimulation (initially) which eventually culminates in a fully generalized convulsion 
(Goddard et al, 1969). In electrical kindling, this propagation, which starts as a focal seizure 
response (an after discharge) is initially seen at the stimulation site and with repeated 
stimulation, aberrant discharges spread to other sites and the duration, amplitude and spike 
frequency increases with the recruitment of other brain regions. This is accompanied by large 
changes in the activation of glutamate receptors, second messengers, immediate early genes 
and transcription factors at these sites (Morimoto et al., 2004). Therefore, kindling can also be 
considered as a pathological form of long term potentiation (LTP), which causes similar changes 
in neurons (Gilbert, 2001). It is a model of plasticity where enhanced responsiveness is elicited 
in secondary sites, which can be interpreted as a strengthening of excitatory connections 
(Racine et al, 1972).  However, unlike LTP; kindling causes permanent trans-synaptic 
alterations in the brain (Gilbert, 2001).   
Although multiple sites, including the hippocampus, the pyriform cortex or the amygdala 
can be used as the primary site of stimulation in the kindling paradigm, the amygdala is favored 
in most studies for a number of compelling reasons. Firstly, the amygdala is recruited in most 
kindling paradigms. That is, structures outside of the amygdala recruit the amygdala as a 
secondary site, indicating the importance of the amygdala in the propagation of seizures (Hirsch 
et al., 1997). It is also a structure that kindles at a „moderate rate‟ with distinct stepwise 
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progression (described below) compared to the fast kindling seen with the pyriform cortex and 
the slow kindling seen in the hippocampus, allowing for better temporal resolution of the 
progression of kindling (McIntyre et al, 2002).  Lastly, the amygdala is involved in AGS 
propagation. There are major projections to the amygdala from the medial geniculate body 
which is largely innervated by the IC (Feng and Faingold, 2002). Microinjections of GABA 
agonist muscimol in to the amygdala significantly reduced post-tonic clonus in GEPR9s and had 
no effect on the wild running phase, indicating the importance of the amygdala in the expansion 
of seizure networks during AGS kindling (Feng and Faingold, 2001). Since developmental PCB 
exposure appears to increase the susceptibility to AGS and structures in the auditory brainstem 
have direct communication with the amygdala, PCBs may also increase the rate, susceptibility 
to or propagation of non-AGS type seizures.  
 
Much like the progression of AGS, amygdala kindling progression occurs in five distinct 
phases (Racine, 1972). 
i. Ipsilateral eye closure and eye blinking    Focal seizures 
ii. Head bobbing and drooling  
iii. Forelimb clonus       
iv. Clonus with rearing, involves the forelimbs and trunk Generalized seizures 
v. Dramatic rearing and falling due to loss of balance 
The progression of seizures can be monitored by recording the number of sessions to 
reach these distinct behavioral stages as well as by concurrent electrophysiological recordings 
of aberrant epileptiform discharges within the amygdala. Environmental contaminant exposures 
to compounds such as, chlordimeform, lindane and endosulfan have increased (Gilbert, 1988; 
Gilbert and Mack, 1989; Gilbert and Mack, 1995) while exposure to compounds such as 
iminodipropionitrile have decreased (Gilbert and Llorens, 1993) amygdala kindling rate in rats.    
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There is limited research investigating the effects of developmental PCB exposure on 
seizure susceptibility in rodents. In an early study by Overmann et al, (1984), Wistar derived rats 
were exposed to Aroclor 1254 at 2.5, 26 and 269 ppm in the diet throughout gestation and until 
weaning. In adulthood, the pups were then assessed on a number of neurobehavioral and 
physiological endpoints. Interestingly, seizure susceptibility to an electroconvulsive shock was 
also recorded. Silver disk electrodes delivering a 60 Hz sine wave electroshock for 0.2 seconds 
resulted in an increase in the duration of muscle flexion but a decrease in muscle extension time 
during seizures which led to an overall (unexpected) decrease in total seizure duration in PCB 
exposed animals. It was hypothesized that PCBs may have induced changes in the 
bioaminergic neurotransmitter system to alter seizure responsiveness in these animals 
(Overmann et al, 1984). Although not routinely used as a model of epilepsy this electroshock 
study does demonstrate developmental PCBs may in fact alter seizure susceptibility later in life. 
More recently, a study by Lein et al, (2010) was conducted to assess the seizure 
susceptibility in rats exposed to PCBs during development.  Rats were exposed to a single 
congener, PCB 95 at concentrations of 1 or 6 mg/kg/day through the maternal diet from 
gestational day 5 through weaning. These animals were then exposed to flurothyl (bis-2,2,2-
triflurothyl ether), a convulsive drug used to investigate seizure susceptibility, at PND 35. A non-
monotonic dose response was seen with PCB exposure, where the lower dose (1mg/kg/day 
PCB95) resulted in a small but statistically significant decrease in latency to the first occurrence 
of myoclonus. A similar effect was seen with latency to onset of tonic-clonic seizures where the 
lower PCB dose decreased the latency, indicating an increase in seizure susceptibility. Further, 
the same group also measured PTZ kindling in rats exposed to 1 or 6 mg/kg/day of PCB 95. In 
PTZ kindling, rats are exposed to a sub convulsive dose of PTZ repeatedly for 14 sessions 
(injection days) with 48 hour intervals between each session until a generalized seizure is 
observed. Rats developmentally exposed to the low PCB dose progressed slightly more quickly 
to more severe seizure stages as indicated by significant differences in a modified Racine stage 
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score on injection days 10, 12 and 13 compared to the high PCB and control dose groups (Lein 
et al, 2010). In contrast to the Overmann et al. study, these results suggest that developmental 
PCB exposure may increase seizure susceptibility. 
In further support of PCBs lowering the threshold for cortical seizure development, a 
recent study demonstrated that PCB exposure may cause epileptic waveforms to be generated 
in hippocampal slices (Kim and Pessah, 2011).  Here, field excitatory postsynaptic potentials 
(fEPSPs) were recorded in the CA1 region of rat hippocampi (HC) using a multi-electrode array. 
The hippocampal slices were perfused with either PCB170 or PCB95. With PCB170, 10nM 
perfusion had no effect on the slope of the fEPSP whereas the 100nM high dose initially 
enhanced and then depressed fEPSPs. When perfused with picrotoxin (which blocks GABA 
neurotransmission) modest increases in fEPSP slopes were seen in HC which were enhanced 
with the inclusion of PCB170 at either concentration. PCB95 on the other hand persistently 
enhanced fEPSP at both concentrations (Kim and Pessah, 2011). These results indicate that 
PCB exposure alone or in combination with compounds that depress inhibition (such as 
picrotoxin) may result in excitotoxicity that could lead to seizure development.  
Previous work from the same group (Kenet et al, 2007) provides further evidence of PCB 
induced imbalance between excitatory/inhibitory neurotransmission. In a series of experiments 
in adult animals exposed to PCB95 perinatally, the organization of the auditory cortex was 
significantly altered. Tonographical organization was altered, where certain sites were non 
responsive to tonal stimulation and others showed broad characteristic frequencies indicated 
that chemical and electrical signaling processes needed during development for proper auditory 
cortex topography were disrupted in PCB exposed animals compared to controls. Furthermore, 
in vivo whole cell recordings from animals exposed to PCB 95 showed changes in the balance 
of excitatory and inhibitory inputs where the inhibitory inputs were decreased compared to 
controls (Kenet et al, 2007). Together, these studies suggest that developmental PCB exposure 
may increase the sensitivity to seizures at sites outside of the auditory brainstem. 
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Finally, as mentioned earlier, developmental PCB exposure may cause 
hypothyroxenemia that may lead to auditory dysfunction and increase the susceptibility to AGS. 
Similarly, a few studies have found hypothyroidism to be linked to modulation of seizure 
susceptibility outside the auditory system (Mills and Savage, 1988; Pacheco-Rosado et al, 
2004; Gilbert, 2011). In rats, hypothyroidism induced during critical times of development via 
propylthiouracil (PTU) exposure led to an faster kindling in the lidocaine kindling model 
(Pacheco-Rosado et al, 2004). Also, using in vivo field potentials in the CA1 of the HC, Gilbert 
(2011) found that even mild reduction in circulating levels of THs caused significant EPSP slope 
amplitude reductions and moderate reductions in paired pulse functions (which measure the 
integrity of inhibitory synaptic processing). Also, the GEPR9s, a breed of rat with a genetic 
predisposition to AGS also shows increased susceptibility to non audiogenic seizures. 
Interestingly, evidence shows that GEPR9s have significantly lower T4 levels from birth to 
PND22 compared to control animals (Mills and Savage, 1988). The exact mechanism of 
increased susceptibility to seizures in adulthood following hypothyroidism during development is 
poorly understood. But taken together, we can postulate that similar to other compounds that 
reduce circulating thyroid concentrations, PCBs may also increase the susceptibility to seizures. 
 
1.7 The connectivity between the inferior colliculus and the amygdala 
 The amygdala kindling model is a well characterized model of temporal lobe epilepsy in 
rodents. However, little is known on how amygdala connectivity may influence the progress of 
kindling. The connectivity between the amygdala and the auditory brainstem has been well 
understood outside the scope of epilepsy, and studies have shown that AGS in the auditory 
brainstem can influence neuronal activity in the amygdala (Hirsch et al., 1997; Feng and 
Faingold, 2001).  
 Within the auditory brainstem, the IC plays a very important role in the initiation of AGS 
(Browning, 1994; Faingold, 1999; Ribak and Morin, 1995). It is also a structure in the auditory 
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brainstem that has connectivity to the forebrain amygdala. The IC receives input from several 
peripheral brainstem nuclei, organizes inputs from the lower auditory brainstem and transmits 
this information to the medial geniculate body (MGB) via both glutamatergic and GABAergic 
neurons (Ito et al., 2009). The MGB glutamatergic afferents then innervate amygdala neurons, 
where glutamate released from these monosynaptic neurons activates both NMDA and AMPA 
receptors on GABAergic interneurons as well as non-GABAergic pyramidal neurons within the 
amygdala (Farb and LeDoux 1997; Woodson et al., 2000; Li et al., 1996). Although the exact 
purpose of these GABAergic interneurons is still unknown, they have been shown to be crucial 
in regulating the excitability of the amygdala (Fritsch et al., 2009) and therefore may have a role 
in delaying the progression of kindling (Morimoto, 1989).  
 As stated earlier, cochlea OHC dysfunction in developmentally PCB exposed rats may 
lead to attenuated signal propagation from the cochlea to the auditory brainstem which may 
result in decreased GAD/GABA at the level of the IC. Increased excitation of the IC may in turn 
cause compensatory increases in GAD/GABA levels and changes to GABA receptor density in 
the amygdala. Changes to the GAD/GABA levels in the amygdala may modulate amygdala 
kindling where increased GAD/GABA would result in a delay in amygdala kindling. To 
summarize, increased excitability in the auditory brainstem may lead to delay in electrical 
kindling of the amygdala in developmentally PCB exposed animals.   
 
1.8 Conclusions 
In conclusion, we are the first group to show that developmental exposure to PCBs 
increases the susceptibility to AGS in the rat model. AGS are initiated at the IC but no studies to 
date have addressed changes in IC neurochemistry of PCB exposed animals. Similarly, very 
little is known about seizure susceptibility outside the auditory brainstem in developmentally 
PCB exposed animals. Of the few studies conducted so far some have indicated that there may 
be an increase in seizure susceptibility, whereas others suggest a decrease. The studies that 
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found increases used specific PCB congeners and convulsive drugs to identify these effects. It 
is imperative that studies be done with environmentally relevant PCB congener mixtures and 
using well characterized models of seizure initiation to better understand the convulsant effects 
of developmental PCB exposure.  
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CHAPTER 2 
SPECIFIC AIMS 
As reviewed in Chapter 1, evidence in both animal models and humans suggests that 
PCB exposure causes hearing loss with a site of action at the level of the cochlea, and 
specifically at the outer hair cells (OHCs) (Crofton et al., 2000; Powers et al., 2006; Trnovec et 
al., 2010). Developmental PCB exposure has also been shown to increase the incidence and 
severity of audiogenic seizures in rats (Poon et al., 2015). OHCs play an important role in 
frequency selectivity and increasing the sensitivity to sound within the cochlea. Therefore, 
impaired OHC function results attenuated auditory signaling through the cochlear nucleus to the 
auditory brainstem where an imbalance towards excitatory neurotransmission in PCB exposed 
animals may result in audiogenic seizures when these animals are exposed to loud noise. 
However, there is no published research to date addressing the underlying neurochemical 
changes that lead to audiogenic seizure susceptibility in PCB exposed animals. A primary goal 
of this thesis is to address this gap in knowledge. On a broader scale, very limited research is 
currently available that has addressed whether PCB exposure increases the susceptibility to 
seizure activity initiated outside the auditory brainstem, and the data that are available are 
mixed, with some studies reporting increases and some decreases (Overmann et al., 1987; Kim 
et al., 2011). To date, there are no studies using an amygdala kindling model of seizure, which 
is a well characterized model of temporal lobe epilepsy in rodents. Compared to chemical 
kindling electrical kindling allows for experimental control over a specific location for the initiation 
of the seizure and close monitoring, both electrical activity in the brain and the behavioral 
manifestations of seizure propagation can be closely monitored.  Therefore, a second goal of 
this thesis is to address whether PCB exposure increases the susceptibility to seizures initiated 
outside the auditory brainstem using this well-established amygdala kindling model of seizure. 
Lastly, very little knowledge exists on how interconnectivity between the auditory brainstem and 
the amygdala may influence electrical kindling in the amygdala. Therefore the final goal of this 
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thesis is to address the underlying neurochemical changes at the amygdala which may be 
mediated by changes in the excitability of the auditory brainstem. 
Aim 1: Determine whether developmental exposure to PCBs increases audiogenic 
seizure susceptibility in previously noise naïve adult rats. 
We previously reported an increase in audiogenic seizure (AGS) susceptibility in rats 
that were exposed to PCBs during development (Poon et al., 2015). However, these rats were 
subjected to loud noise in a noise-induced hearing loss study in adulthood and only tested for 
AGS susceptibility when the rats were over 12 months old. Previous noise exposure along with 
advanced age of rats by the time of testing may have confounded the results of the AGS testing. 
Here, we investigated the effect of developmental PCB exposure on AGS susceptibility in young 
adult noise naïve animals. It was hypothesized that developmental PCB exposure alone 
(not in combination with previous noise exposure) would increase the susceptibility to 
AGS in young adult rats.  
Aim 2: Investigate the mechanism(s) for PCB induced audiogenic seizures. 
Developmental PCB exposure causes OHC dysfunction in the cochlea. With exposure 
during development this may lead to attenuated acoustic signal propagation from the cochlea to 
the auditory brainstem that persists into adulthood, and this may, in turn, down regulate 
inhibitory neurotransmission in the auditory brainstem in order to amplify the weaker signals. In 
the brainstem the key excitatory and inhibitory neurotransmitters are glutamate and GABA, 
which is produced from glutamate by the enzyme glutamic acid decarboxylase (GAD). 
Therefore, measuring GAD is an indirect method of quantifying the amount of GABA that is 
present in a brain structure. Previous research has shown that audiogenic seizures are initiated 
at the level of the inferior colliculus (IC). In animal models of AGS, a down regulation of GAD is 
seen at the level of the IC. Therefore, it was hypothesized that developmental PCB 
exposure would result in the down regulation of GAD in the IC, leading to increased 
susceptibility to AGS. 
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Aim 3: Determine the effects of developmental exposure to PCBs on amygdala kindling 
during adulthood. 
Kindling is a well characterized model of temporal lobe epilepsy in rats. This model was 
used to identify whether regions outside the auditory pathway are similarly susceptible to 
seizures in developmentally PCB exposed animals. No previous research has been conducted 
to determine if seizure propagation or severity of seizures initiated at the amygdala via the 
kindling paradigm would be affected in PCB exposed animals. It was hypothesized that PCB 
exposure during development would increase the susceptibility to seizures initiated 
outside the auditory brainstem. 
Aim 4: Investigate the mechanism(s) underlying increased excitability of the amygdala in 
developmentally PCB-exposed animals. 
As mentioned previously, seizures are thought to occur due to an imbalance between 
the excitatory vs. inhibitory neurotransmission. Similar to the IC, in the amygdala the key 
excitatory and inhibitory neurotransmitters are glutamate and GABA. Therefore, similar to aim 2, 
measuring GAD is a method of quantifying the amount of GABA (neural inhibition) that is 
present in the amygdala. Previously we have shown developmental PCB exposure to increase 
AGS in adult rats (Poon et al., 2015). We also hypothesized that developmental PCB exposure 
may result in a global disinhibition which would result in increased seizure susceptibility in the 
amygdala kindling model (aim 3). Therefore, it was hypothesized that developmental 
exposure to PCBs would result in decreased GAD (thereby decreasing GABA) in the 
amygdala of PCB exposed animals compared to controls.  
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CHAPTER 3 
INCREASED SUSCEPTIBILITY TO AUDIOGENIC SEIZURES IS RELATED TO A 
DECREASE IN GAD IN THE INFERIOR COLLICULUS IN DEVELOPMENTALLY PCB 
EXPOSED RATS 
 
3.1 Abstract 
In a previous study from our laboratory it was observed that developmental exposure to 
polychlorinated biphenyls (PCBs) resulted in an increased susceptibility to audiogenic seizures 
(AGS) in rats. In that study the animals had been exposed to loud noise in adulthood, and they 
were not tested for AGS until they were greater than 1 year of age. Either the previous exposure 
to noise or the advanced age, or both could have interacted with early PCB exposure to 
increase AGS susceptibility. Thus the current study had two goals:  first, to assess the 
susceptibility to AGS in young adult rats following developmental PCB exposure alone (without 
loud noise exposure), and second, to determine if there was an underlying decrease in GABA 
inhibitory neurotransmission in the inferior colliculus (IC) that could potentially explain this effect. 
Female Long-Evans rats were dosed orally with 0 or 6 mg/kg/day of the environmentally 
relevant „Fox River PCB mixture‟ beginning 28 days prior to breeding and continuing until the 
pups were weaned. On postnatal day (PND) 21, pups were weaned, and one male and one 
female from each litter were randomly selected for the AGS study whilst another male and 
female from each litter were chosen for western blot analysis of glutamic acid decarboxylase 
(GAD) protein and GABAAα1 receptor protein expression in the IC, the site in the auditory 
brainstem where audiogenic seizures are initiated. There was a significant increase in the 
number and severity of audiogenic seizures in rats (both males and females) from the 6 mg/kg 
PCB dose group compared to control rats. There also was a significant decrease in GAD65 but 
no decrease in GAD67 or GABAAα1 protein levels in the IC of PCB exposed animals compared 
to controls. These results extend our previous observations by confirming that developmental 
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PCB exposure alone is sufficient to increase the susceptibility to AGS, and they provide the first 
evidence for a possible mechanism of action at the level of the IC.  
Keywords: Audiogenic seizures, IC, GAD, PCBs 
 
 
3.2 Introduction 
Polychlorinated biphenyls (PCBs) were widely used as dielectric or coolant fluids in 
transformers, capacitors and other large electrical motors (Crinnion, 2011) until the 1970‟s, 
when they were banned from production in North America due to emerging research that 
indicated their toxicity. However, PCBs continue to cause human health concerns due to their 
chemical stability and lipophilicity, which allowed them to bio-accumulate and bio-magnify 
through the food chain. Historically, the main mode of human exposure to PCBs has been 
through the consumption of contaminated fish (Crinnion, 2011), but recently other sources of 
PCB exposure have been identified. In older buildings, including many schools, air borne 
exposure to PCBs can occur from PCB-contaminated building materials including caulking 
material and fluorescent light ballasts (Ampleman et al., 2015). Furthermore, new evidence 
indicates that PCBs are produced inadvertently during the manufacture of paint pigments (Hu 
and Hornbuckle, 2010; Anezaki et al., 2014).  PCBs accumulate in the adipose tissue and can 
later be mobilized and transported across the placenta and into the breast milk in mammals 
(Jacobson et al., 1984; Goldey et al., 1995). Thus, PCB exposure could permanently alter the 
development and maturation of the nervous system, including the auditory system. 
 Early studies that assessed the impact of developmental exposure to PCBs on auditory 
function in rats found that maternal exposure to a commercial mixture of PCBs (Aroclor 1254) 
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during gestation and lactation resulted in a low frequency hearing loss in adult offspring (Goldey 
et al., 1995; Herr et al., 1996). The PCB exposure also dramatically lowered circulating thyroid 
hormone levels and in a follow up study postnatal thyroxin replacement was successful in 
partially ameliorating the auditory deficits seen with PCBs alone (Goldey and Crofton, 1998). 
Later the same group reported that developmental PCB exposure caused a loss in outer hair 
cells (OHCs) within the cochlea (Crofton et al., 2000), and our group observed  functional 
deficits of the OHCs using distortion product otoacoustic emission (DPOAE) measures in rats 
developmentally exposed to Aroclor 1254 (Lasky et al. 2002). Our more recent studies using an 
environmentally relevant PCB mixture (Fox River PCB mixture; Kostyniak et al., 2005) during 
perinatal development showed an increase in the threshold and a decrease in the amplitude of 
DPOAEs, extending these previous findings to another PCB mixture (Powers et al., 2006; 
Powers et al., 2009, Poon et al., 2011). Our group also found that PCB exposure increased 
auditory brainstem response (ABR) thresholds but did not affect ABR latencies or amplitudes, 
further indicating that PCBs act at the level of the cochlea to produce hearing loss (Powers et 
al., 2006; Herr et al., 1996). 
Recently, we conducted a study designed to evaluate whether developmental PCB 
exposure would exacerbate noise induced hearing loss in adulthood and we unexpectedly 
observed audiogenic seizures (AGS) in the PCB exposed animals when they were exposed to 
noise. To follow up on this unexpected observation the same animals used for the noise 
induced hearing loss experiment, were tested using a published AGS procedure. PCB exposed 
rats showed a dramatically increased incidence and severity of seizures, and a decreased 
latency to onset of seizures (Poon et al., 2015).  
Acoustically evoked convulsions or AGS are elicited by an intense sound stimulation at 
high frequency that causes the animal to experience a generalized seizure. The initiation and 
propagation of AGS activity results from hyper-excitability in the auditory brainstem and in 
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particular the inferior colliculus (IC) (Coleman et al., 1999; Eells et al., 2004; Ishida et al., 1995; 
Ross and Coleman, 2000).  Certain strains of mice and rats are known to be more susceptible 
to AGS than others. Among them are the DBA/2J mice with 3 gene loci that are associated with 
AGS susceptibility (Neumann and Collins, 1991), the fragile x mice (Chen and Toth, 2001) and 
the thyroid hormone receptor beta mutant mice (Ng et al., 2001). The genetically epilepsy prone 
rat (GEPR) is a naturally occurring epilepsy prone rat derived from the Sprague Dawley strain. 
Intensive breeding of this strain has led to stable subgroups of GEPRs that show increased 
susceptibility to seizures elicited by loud noise as well as convulsive drugs, electroshock and 
kindling (reviewed by Faingold, 1988). In addition to these inherently AGS susceptible rodent 
models, there are AGS inducible models as well. Administration of ototoxic drugs, exposure to 
intense acoustic stimulation (priming) or thyroid deficiency during development can result in 
increased susceptibility to AGS in rats later in life (Pierson and Li, 1996; Reid and Collins, 1986; 
Ross et al., 2001; Sakamoto and Niki, 2001; Yasuda et al., 2000). In our study the rats were not 
primed with an acoustic stimulation during development, but were exposed to PCBs, which are 
known to dramatically reduce circulating thyroxin concentrations (Poon et al., 2011). 
 The IC plays an important role in the initiation of AGS. In animal models of low thyroid 
hormone and high incidence of AGS, a sound stimulus is followed by an increase in the level of 
c-fos in the IC compared to control animals (Kato et al., 1996). Furthermore, physical or 
chemical ablation of the IC has been shown to interfere with the initiation of AGS (Browning, 
1986; Faingold et al., 1992) and direct administration of anticonvulsants into the IC prior to noise 
exposure significantly reduces AGS in rats (Faingold et al., 1984).  
Seizure activity is generally understood to result from an imbalance between excitatory 
and inhibitory neurotransmission. In the IC the key excitatory and inhibitory neurotransmitters 
are glutamate and GABA, respectively. Pathologies such as tinnitus, age related hearing loss 
and AGS have all been associated with abnormalities in GABA neurotransmission at the level of 
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the IC (Bauer et al., 2000; Caspary et al., 1999; Faingold, 1999).  In the case of tinnitus, 
compounds such as salicylate which induce tinnitus in otherwise healthy animals caused an 
increase in the amount of glutamic acid decarboxylase (GAD) protein and a significant decrease 
in the GABAA binding sites at the IC compared to control non salicylate exposed animals (Bauer 
et al., 2000). Similarly, GABA neurotransmission is affected in age related hearing loss 
(presbycusis) where western blot analysis in aged animals revealed a significant decrease GAD 
and changes to the GABA receptor composition in the IC compared to young control animals 
(Burianova et al., 2008; Caspary et al., 1999).   
In the mammalian brain GABA is synthesized via the decarboxylation of glutamate by 
GAD (Petroff, 2002). Two isoforms of GAD, GAD65 and GAD67 exist in most GABA producing 
neurons in the CNS. While both isoforms produce GABA, GAD65 appears to be membrane and 
nerve ending targeted and is expressed later in development. GAD67 is expressed throughout 
development and is found throughout the neuron with significant levels found within the 
cytoplasm (Soghomonian and Martin, 1998). The amount of GAD present in a neuron is a direct 
indication of the amount of GABA that is produced (Petroff, 2002; Rowley et al., 2012).  
As stated above, PCBs have been shown to impair the function of the OHCs in the 
cochlea. These cells have two main physiological roles. Firstly, they are important in frequency 
selectivity and increasing the sensitivity to sound (Dallos 1992). Second, OHCs also protect the 
inner ear from loud acoustic stimuli by the stiffening of the stereocilia which protects against 
metabolic damage to the cochlea (Lim, 1986; Liberman, 1984). Dysfunction of the OHCs due to 
developmental PCB exposure may result in attenuated signals from the cochlea to the auditory 
brainstem. This may, in turn, result in diminished inhibitory neurotransmitter (GABA) activity at 
acoustic processing structures within this network. On the other hand, dysfunctional OHCs may 
fail to effectively dampen loud sound allowing over excitation of an auditory pathway beyond the 
cochlea that has reduced inhibitory capacity. Together, these two mechanisms may result in 
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disrupted development of the auditory brainstem, increased excitation in the IC and AGS in PCB 
exposed animals.  
Based on this reasoning, it was hypothesized that developmentally PCB exposed 
animals would be more susceptible to AGS due to impaired OHC function, and that GAD levels  
in the IC, but not in structures outside the auditory brainstem  would be down regulated in these 
animals. It was also hypothesized that GABAA receptor protein expression in the IC would be 
decreased, reflecting the reduced GAD levels expected in the pre-synapse in PCB exposed 
animals compared to controls. The purpose of the current experiment was to assess the effects 
of the environmentally relevant „Fox River PCB mixture‟ on AGS in young adult animals 
exposed to PCBs during early development, but without any previous exposure to loud noise.  
GAD and GABAA receptor levels in the IC were measured to determine if there were changes in 
these proteins that could explain the increase in AGS. We used a classic AGS paradigm with a 
loud acoustic stimulus to record the incidence of seizure behavior and western blot assays to 
quantify GAD65, and GAD67 in the IC and two control regions (hippocampus, somatosensory 
cortex) and GABAAα1 in the IC.  
3.3 Materials and methods 
Animals  
Primiparous female Long-Evans rats, approximately 8-10 weeks of age, were purchased 
from Harlan (Indianapolis, IN). They were individually housed in standard polycarbonate plastic 
shoebox cages with corn-cob bedding, and fed rat chow (Harlan Teklad rodent diet (W) 8604) 
and water ad libitum. All rats were housed in a temperature- and humidity-controlled room 
(22°C, 40–55% humidity), on a 12/12-hr light cycle (lights on at 0700 hr). The rats were 
maintained in facilities accredited by the Association for the Assessment and Accreditation of 
Laboratory Animal Care. All procedures were approved by the Institutional Animal Care and Use 
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Committee at the University of Illinois at Urbana-Champaign and were in accordance with the 
guidelines of the National Institutes of Health (2002) and National Research Council (2003).  
Exposure  
The female rats were randomly assigned to exposure groups and given one of two 
treatments consisting of corn oil vehicle or PCBs in corn oil. Exposure began 28 days prior to 
breeding and continued until weaning of the pups on postnatal day (PND) 21. The PCB mixture 
(Fox River PCB mixture) was formulated to mimic the congener profile found in Walleye from 
the Fox River in northeast Wisconsin. The mixture consisted of 35% Aroclor 1242 (Monsanto lot 
KB 05-415; St. Louis, MO) 35% Aroclor 1248 (AccuStandard lot F-110; New Haven, CT), 15% 
Aroclor 1254 (Monsanto lot KB 05-612), and 15% Aroclor 1260 (AccuStandard lot 021-020) 
(Kostyniak et al., 2005). The dose, (6 mg/kg/day) of the PCB mixture was selected based on 
previous dose-effect studies demonstrating ototoxicity (Powers et al. 2006; Poon et al.,2011), 
but no overt signs of clinical toxicity (Kostyniak et al., 2005) at this dose. The PCB mixture 
diluted in corn oil (Mazola) or the corn oil vehicle alone was pipetted onto one-half of a vanilla 
wafer cookie (Keebler Golden Vanilla Wafers). To arrive at a dose of 6 mg/kg, the PCB solution 
was mixed at a concentration of 15 mg/ml, and a volume of 0.4 mL/kg was administered. The 
PCB and vehicle treated cookies were fed to the female rats daily with the amount of dosing 
solution applied to the cookies adjusted daily to account for weight gain. 
Breeding, pregnancy, and weaning  
After the four weeks of PCB exposure, each female was paired with an unexposed male 
Long-Evans rat (Harlan, Indianapolis, IN) in a hanging wire cage for 8 consecutive days with 
food and water ad libitum. The females were returned to their home cages each day for PCB 
dosing. The females were monitored for the presence of a sperm plug in order to establish 
gestational day 0.  
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On the first day after birth (PND1), the pups were examined for abnormalities, sexed and 
weighed. On PND 2, the litters were culled to 10 pups (five males and five females when 
possible), and litters with at least 7 pups had extra pups cross-fostered into them from the same 
treatment group to bring the litters to 8–10 pups. Cross-fostered pups were ear marked and not 
used for the experiment. There were 19 successful litters. Of the remaining dams, 9 were not 
pregnant and 4 had litters too small to be included in the study (≤7 pups). Overall the non-
pregnant dams and dams with small litters were evenly distributed across the treatment groups. 
Dosing continued until the pups were weaned on PND 21. Two males and two females were 
retained after weaning for these studies, one pair for the audiogenic seizure study and the other 
pair for protein assays.   
Audiogenic seizures  
At approximately PND90 one male and one female from each litter were tested in the 
AGS protocol. For testing, each rat was placed individually in a cylindrical Plexiglas tube (12 in 
X 12 in), lined on the bottom with sound insulating material (Soundsoak, Armstrong World 
Industries, Lancaster, PA). The chamber had a removable top lined with four equally spaced 
tweeter speakers (3” OEM cone tweeter, MCM Electronics, Dayton, OH). Using a sound 
pressure level meter (RadioShack SPL-meter 33-4050), the noise level was calibrated to 
100dB, 105dB or 110dB when the chamber was closed. The tweeter speakers were connected 
to an amplifier (Techron 5507 power supply amplifier) which was connected to a music player 
(Sandisk Sansa Clip+ 4GB MP3 player) loaded with the octave band noise with a center 
frequency of 8 kHz and played on a loop. The noise was created using MATLAB software (The 
MathWorks, Inc.).  
On the first AGS testing day, each rat was placed in the Plexiglas chamber and exposed 
to 2 min of noise at 100dB and monitored for any audiogenic seizure behaviors. The stages of 
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audiogenic seizures were observed as follows: 0-no abnormal behavior, 1-1st running fit, 2-2nd 
running fit, 3-clonus with full-body loss of posture, and 4- immobile postictal recovery (Ross and 
Coleman, 2000). A rat was removed from the experiment and not tested further if it experienced 
clonus at any of the noise intensities tested. If a rat did not experience clonus at 100dB, then it 
was re-tested 24-48 hours later at 105dB.  If the rat still did not experience clonus, it was re-
tested 24-48 hours later at 110dB. 
Western blot analysis for GAD65, GAD67 and GABAAα1  
Littermates of AGS tested animals (Both PCB exposed and controls) were decapitated 
as adults (> PND 90). The brains were quickly removed and the inferior colliculus (IC) was 
dissected from the rest of the brain (within 2 min post decapitation) and both the remaining brain 
tissue and the IC were stored at -80C until processed.  There were 9 females and 7 males each 
for control and PCB dose groups. Each frozen brain was later positioned on the frozen stage (-
20° C) of a microtome so that successive coronal slices could be taken in an anterior to 
posterior direction. Landmarks from the Paxinos and Watson (1998) brain atlas were used to 
guide cutting, but it should be noted that the anterior-posterior distances noted in the atlas did 
not perfectly correspond with the distances in the specimens. Thus when distances from 
Bregma are noted, they are only intended to allow orientation to the appropriate diagrams in the 
brain atlas that show relevant landmarks.  
Slices were removed until Bregma -2.16 mm was reached, at which point 1.0 mm thick 
coronal slices were cut. The slice was placed on a glass slide with the posterior side facing 
down. Using a 1.0 mm circular tissue punch (Harris Uni-Core; Ted Pella, Inc.) a single punch of 
hippocampus and somatosensory cortex was collected from each hemisphere with the punch 
directed perpendicular to the plane of the slide. All tissue punch specimens were immediately 
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placed in closed vials and snap frozen with subsequent storage at -80° C until the time of 
western blot analysis.  
Protein extraction and quantification  
One protease inhibitor (PI) tablet was dissolved in 10 mL T-PER. The left and right IC 
from each animal were pooled and homogenized in 350 µL T-PER/PI for IC and 160 µL for 
tissue punches from other structures. The homogenized sample was then centrifuged at 10,000 
x g for 30 minutes, at 4° C. The supernatant was used in the bicinchoninic acid assay (BCA) 
protein assay. The protein assay was performed using the directions for the microplate 
procedure provided in the instructions of the Pierce BCA Protein Assay Kit. In brief, for each 
sample, 10μL of protein supernatant was diluted in 15 μL of TPER-PI so that the measured 
protein amounts were within the range of the standard curve. The samples and standards were 
added to wells of a microplate and incubated at 37˚ C for 30 minutes. The absorbance of the 
samples at 562 nm was then measured using a Multiskan Ascent microplate reader (Type 354; 
Thermo Scientific). Protein concentrations were calculated using Ascent Software (v. 2.6, 
Revision 3.1, Dec. 2003; Thermo Scientific). In order to be able to compare protein expression 
between different gels, a protein standard was created and was loaded into one lane of every 
gel.  
Electrophoresis and membrane transfer  
For each sample, a volume equal to a target amount of 5 μg protein was added to 
reducing agent, sample buffer, and a sufficient quantity of T-PER/PI to attain 15 μL sample 
volume. For the molecular weight ladder, 5 μL of marker was used in place of 5 μg protein. 
Samples were denatured while heating at 100˚ C for 15 minutes. Then the protein ladder, 
protein standard, and protein samples were loaded into the lanes of the gel. Each gel contained 
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randomized samples of both males and females controls and PCB-exposed rats. Once running 
buffer was added, gels were electrophoresed at 125 volts for 90 minutes.  
In preparation for membrane transfer, the PVDF membrane was soaked in methanol, 
water, and then transfer buffer. Filter paper, fiber pads, and each gel were soaked in transfer 
buffer. A “sandwich” was made with the gel and membrane apposed in the middle surrounded 
by filter paper and then fiber pads on the outside. Transfer buffer was added and the transfer 
module was electrophoresed in a cold room at 30 volts for 90 minutes.  
Blocking and probing  
The membrane was rinsed in Tris Buffered Saline and TWEEN 20 (T-TBS). T-TBS was 
used for all subsequent rinses. The membrane was blocked in 5% milk solution for 1 hour and 
then incubated at 4C with GAD65 antiserum (1:2500, Millipore), GAD67 antiserum (1:5000, 
Millipore) or GABAAα1 (1:2000 Millipore) w/v in 5% milk overnight.  
The next day an incubation of secondary antibody (horseradish peroxidase, Santa Cruz 
Bio) at 1:2000 w/v in 1% milk was performed for 1 hour at 23C. The membrane was then treated 
with LumiGLO and chemiluminescence was captured by Proteinsimple® FluoroChem R imaging 
system (San Jose, California). The membrane was subsequently stripped and then blocked 
again in 5% milk solution for 1 hour. It was then incubated with anti-alpha tubulin primary 
antibody at 1:10,000 or anti-beta actin primary antibody (for GABAAα1) at 1:5000 w/v in 5% milk 
for 1 hour at 23C. Next, the membrane was incubated with goat anti-rabbit secondary antibody 
(Abcam) at 1:5000 or rabbit anti-mouse secondary antibody (Abcam) at 1:2000) w/v in 2% milk 
for 1 hour. Then the membrane was treated with LumiGLO and chemiluminescence was 
captured using the same Proteinsimple® FluoroChem R imaging system. 
Following probing for GAD, bands were detected between the 52K and 76K molecular 
weight markers, which were the anticipated locations for GAD (GAD65 at 65K and GAD67 at 67K) 
42 
 
and for GABAAα1 bands were detected between 52K and 37K molecular weight marker with 
anticipated location for GABAAα1 at 50K. Following probing for alpha tubulin, bands were 
detected at the 52K molecular weight marker, which was the anticipated location for alpha 
tubulin. Similarly probing for beta actin, bands were detected at 42K which was the anticipated 
location for beta actin. Densitometry of the bands was performed using ImageJ (version 1.46r, 
http://imagej.nih.gov/ij). Briefly, images of the membrane were automatically saved on the 
Fluorochem R imaging system at 600 ppi in TIFF format. The densities of samples for GAD and 
alpha tubulin or GABAAα1 and beta actin were determined and then standardized to the protein 
standard densities on each image to obtain relative densities for GAD and alpha tubulin or 
GABAAα1 and beta actin. Then adjusted densities for the samples were determined by dividing 
the relative density of each sample by the relative density of the standard. 
Statistical analysis   
All statistical analyses were conducted using SPSS for MS Windows (version 23.0; IBM 
SPSS Statistics with Exact Tests Module) with statistical significance set at p<0.05. The 
incidence of audiogenic seizures was analyzed using a Pearsons Chi-square 2 x 2 (χ2) test, for 
each sex separately and comparisons of the incidence of seizures between the control group 
and the PCB group were conducted using a Fisher‟s Exact Test with two sided exact p-values. 
Seizure severity scores (ARS), latency to onset of wild running and latency to clonus had 
ceilings and required non-parametric statistics. Therefore, these scores were analyzed using 
Mann-Whitney tests of to compare between control and PCB exposed groups.  
For the GAD analyses, adjusted densities determined using ImageJ were used in the 
statistical analyses. Males and females were analyzed separately with students T-test, as not all 
litters were represented by both sexes. Data are reported as mean ± SEM. 
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3.4 Results 
There were no overt signs of clinical toxicity in the dams from either the control or PCB 
dose groups. In the PCB exposed group, there was a slight decrease in pup body weight (8, 13 
and 19%) compared to controls at postnatal days 7, 14 and 21. No other developmental 
abnormalities were noted.  
Audiogenic seizure incidences  
Analysis of the percentage of females that exhibited any seizure behavior (running fits or 
running fits progressing into clonus) at the lowest noise intensity of 100 dB revealed that there 
was a significant main effect of treatment (χ2=10.578, df=1, p=0.001), with PCB-exposed 
females showing an increased incidence of seizure behavior relative to controls (Figure 2a). 
Analysis of the number of female rats experiencing seizures that progressed to clonus (severest 
seizure form) at the lowest noise intensity (Figure 2b) also revealed a significant effect of 
treatment (χ2=10.578, df=1, p=0.001), where PCB exposed females had an increased incidence 
of clonus seizures compared to control females.  
 The number of males that exhibited seizure behaviors is shown in Figure 2c. Analysis of 
the number of rats exhibiting any seizure behavior (running fit or running fits progressing into 
clonus) at the lowest noise intensity of 100 dB revealed that there was a significant effect of 
treatment (χ2=5.13, df=1, p=0.024) where PCB exposed males had an increased incidence of 
any seizure behavior compared to control males. However, unlike the females the analysis of 
male rats experiencing seizures that progressed to clonus at the lowest noise intensity did not 
reveal any significant difference between the treated and the controls animals (Figure 2d).  
We also summed across all noise intensities to determine the percentage of PCB-
exposed and control animals that experienced seizures at any noise intensity. The percentage 
of animals, both females and males having any seizure behavior (running fits or running fits 
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progressing into clonus) across all noise intensities 100, 105 and 110 dB (Figure 1a) revealed 
significant effects of treatment for females (χ2=7.2, df=1, p=0.007) and males (χ2=4.65, df=1, 
p=0.031) in both females and males there was a higher percentage of PCB exposed animals 
experiencing any seizure behavior compared to controls. Similarly, the percentage of females 
that progressed to clonus (severest seizure form) across all noise intensities also revealed a 
significant effect (χ2=9.164, df=1, p=0.002), where PCB exposed animals were more likely to 
progress to clonus (Figure 1b). However, for males, the percentage that progressed to clonus 
across all noise intensities tested did not differ significantly from controls (Figure 1b).  
 Since, almost all animals, both male and female, in the PCB dose group experienced 
seizure behavior at the lowest noise intensity of 100 dB the number of animals tested at 105 
and 110 dB was very small. Therefore analyses of latencies and ARS (as described below) 
were conducted using the data collected at 100 dB.    
Latency to onset of wild running and clonus at 100 dB  
Analysis of the mean latencies to the initiation of wild running (Figure 3a) and clonus 
(Figure 3b) revealed that in females there was a significant effect of treatment on the latency to 
both wild running [χ2(1, N=17)= 6.5, p=0.003] and clonus [χ2(1, N=17)= 5.0, p=0.002] where 
PCB exposed females had shorter latencies to wild running and clonus compared to control 
females. In males, neither the analysis of latency to the initiation of wild running (Figure 3c) nor 
latency to the initiation of clonus (Figure 3d) revealed any significant difference between the 
treated and the control groups.  
Audiogenic seizure Response Score (ARS) at 100 dB  
The mean ARS scores for each treatment group were calculated based on the 
behavioral manifestations of each animal during noise exposure; 0- No observable seizure 
response, 1- One running fit, 2- Two running fits followed by clonus, 3- One running fit followed 
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by clonus. The mean ARS scores for females and males are shown in Figure 4a. There was a 
significant effect of treatment on ARS for females [χ2(1, N=17)= 6, p=0.002]  where PCB 
exposed females had a higher ARS score compared to control females, and males showed a 
marginally significant effect of treatment on ARS, Figure 4b [χ2(1, N=17)= 18, p=0.073], with the 
PCB exposed males having a higher ARS score compared to control males.  
GAD protein expression in the IC. 
 A significant effect of treatment was seen for females (p=0.0192) and for males 
(p=0.0458) where PCB exposed animals had a lower concentration of GAD65 compared to 
control animals (Figure 5).  For GAD67, there was no effect of PCB exposure on protein levels in 
the IC (Figure 6). Neither GAD65 nor GAD67 were significantly different between control and PCB 
exposed animals in the control regions (hippocampus and somatosensory cortex). Similarly no 
PCB-related effect was observed for GABAAα1 in the IC (Figure 7).  
3.5 Discussion 
Audiogenic seizures 
This study confirms that developmental exposure to PCBs increases the susceptibility to 
AGS in both males and females. Developmentally PCB exposed female rats had increased 
susceptibility to seizures, shown by statistically significant effects for both any seizure behaviors 
and for clonus seizures at the lowest noise intensity of 100 dB. In males, any seizure behaviors 
reached statistical significance but clonus at 100 dB noise intensity did not. Other indices of 
AGS such as latency to the first wild run and latency to clonus also showed that PCB exposed 
animals were more susceptible to AGS than control animals, with females generally showing a 
more robust effect of treatment than males. ARS scores, which are a measure of the severity of 
AGS demonstrated that not only were the developmentally PCB exposed animals more 
susceptible but they showed more severe AGS compared to controls.  
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 These results are in accord with what we have seen in our previous study of 
developmental PCB exposure and AGS in adulthood (Poon et al., 2015). In this previous 
experiment rats that had been exposed to a noise induced hearing loss paradigm were used for 
AGS testing, and we saw increased incidence and severity of AGS in developmentally PCB 
exposed animals relative to controls. Rats in the previous experiment also showed a reduced 
latency to first wild run and clonus. However, in that study the rats were exposed to PCBs 
during early development as well as to an extended period (5 days; 4 hours per day) of loud 
noise in adulthood. Furthermore, they were not tested in the AGS paradigm until they were 
greater than one year of age. In our current study we used young adult (90 days) rats that had 
not been exposed to noise in adulthood to eliminate prior noise exposure or advanced age as 
confounders, and we confirmed that developmental PCB exposure alone is sufficient to increase 
AGS susceptibility in adulthood.  
Although the Long Evans rat strain is more resistant to AGS than other rat strains, we 
have shown that developmental exposure to PCBs dramatically increased the susceptibility to 
AGS in these animals. Similarly, Ross and Colmeman (1999) showed that Long Evans rats that 
had been acoustically primed with 125 dB 10 kHz tone bursts from PND 14-36 were more 
susceptible to AGS later in life (with priming at PND 18 having the strongest effects).  This 
group also went on to show that primed Long Evans rats had marginally elevated thresholds 
and shorter latencies in the auditory brainstem response (ABR) compared to non-primed control 
animals indicating changes in peripheral and central auditory function after priming during 
development (Coleman et al., 1999). Similarly, developmental exposure to PCBs causes 
increased thresholds and decreased amplitudes on DPOAE measures as well as increased 
ABR thresholds (Powers et al., 2006) indicating an auditory dysfunction of cochlear origin.  
Both male and female PCB exposed rats showed increased susceptibility to AGS, 
however, the females appeared to be more sensitive than males in both the current and the 
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previous AGS study (Poon et al., 2015). It is well established that female rats are more 
susceptible to seizures than males. Furthermore, in females there is a positive correlation 
between seizure susceptibility and serum estradiol levels (Backstrom, 1976; Reddy and 
Rogawsky, 2009). Consistent with our observations, others have also seen an increase in AGS 
in females compared to males. In the GEPR 9s strain of rat there is an inherent increase in the 
severity and susceptibility to AGS in females compared to males (Mishra et al., 1988). Further, 
in a study using gonadectomized male and female Sprague Dawley rats, ovariectomized 
females given testosterone had decreased AGS susceptibility whereas castrated males given 
estradiol had increased AGS susceptibility (Werboff and Corcoran, 1961). 
Thyroid hormone plays a crucial role in the proper development and function of the 
cochlea (Bradley et al., 1994; Uziel et al., 1983; Rusch et al., 2001; Winter et al., 2006), and the 
increased AGS in developmentally PCB exposed animals in this study may be due in part to 
PCB induced disruption of thyroid hormone levels during development. Our lab and others have 
shown that developmental exposure to PCBs causes hypothyroxinemia, and neonatal 
hypothyroidism has been shown to increase AGS. Studies that induced either severe or mild 
hypothyroidism found increases AGS susceptibility in rats (Kato et al., 1996; Auso et al., 2004). 
Although these studies did not measure cochlea functionality, the reported decreases in 
circulating thyroid hormone levels would have been sufficient to affect the proper maturation and 
function of the cochlea, and this, in turn, may have disrupted development of central auditory 
pathways resulting in an imbalance of inhibitory and excitatory neurotransmitter systems in the 
in the auditory brainstem, leading to AGS when the animals were exposed to loud noise.  
Although no other investigators have studied the effects of PCB exposure on AGS, 
developmental PCB exposure has been shown to cause modest increases in other types of 
seizures in rodents. Lein et al. (2010) reported subtle increases of seizure susceptibility at a low 
dose of PCB 95 (a Ryanodine receptor active PCB congener) including shorter latency to 
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myoclonus and a trend towards tonic clonic seizures when rats were exposed to the convulsant 
inhalant flurothyl. Similarly, perinatal exposure to the specific PCB congener PCB 95 or to the 
mixture, Aroclor 1254, resulted in epileptic after discharges in the evoked potentials of 
hippocampal slices when challenged with picrotoxin (Kim and Pessah, 2011). These results hint 
at a possible PCB-induced global increase in seizure susceptibility that is not limited to the 
auditory brainstem.  
GAD and GABAAα1 in the inferior colliculus 
In this study we also measured the GAD protein concentrations in the IC of 
developmentally PCB exposed animals and controls. We saw a significant reduction in the level 
of GAD65 protein in the IC of both female and male PCB exposed animals. In contrast, we saw 
no reduction in GAD67 in either male or female PCB exposed animals. No significant effect of 
developmental PCB exposure on GAD65 or GAD67 was observed in the hippocampus or the 
somatosensory cortex (control regions). Similarly, there was no effect of PCB exposure on 
GABAAα1 in the IC. 
The IC, an important relay nucleus in the auditory brainstem plays a crucial role in the 
initiation of AGS (reviewed by Faingold 2002). Acoustic overstimulation causes excitation at the 
IC which results in the behavioral manifestations of an AGS. It is well documented that GABA 
plays a crucial role in maintaining the inhibitory balance in the IC. Bilateral microinfusions of 
muscimol, a GABA agonist, into the IC at very low concentrations abolish the tonic-clonic 
components of AGS in GEPR-9s rats, a strain that is documented to have both increased 
susceptibility to AGS and low concentrations of GABA in the IC (Browning et al., 1989). 
Furthermore, in a study by Faingold et al., (1993) microinjections of baclofen, a GABAB receptor 
agonist into the IC of GEPR-9s protected against AGS, and blockade of the breakdown of 
endogenous GABA by gabaculine, a GABA transaminase inhibitor, increased GABA levels and 
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blocked AGS susceptibility in these rats. Together, these studies indicate the importance of the 
GABA neurotransmitter system in preventing the initiation of AGS at the level of the IC. It can 
therefore be postulated that exposures that cause a reduction in GABA in the IC may increase 
AGS susceptibility. 
 GABA is synthesized by the decarboxylation of glutamate by GAD. The two isoforms of 
GAD, GAD65 and GAD67 which are the products of two independently regulated genes exist in 
most GABA producing neurons in the CNS and GAD65 appears to be membrane and nerve 
ending targeted and is expressed later in development whereas GAD67 is expressed throughout 
development and is found throughout the neuron with significant levels found within the 
cytoplasm (Soghomonian and Martin, 1998). Although our understanding of the two isoforms 
and their functions is still in its infancy, it has been suggested that GAD67 may be involved in the 
synthesis of GABA for general metabolic activities in neurons and is almost always found in its 
active holoenzyme (active) form, saturated with its cofactor pyridoxal phosphate, whereas about 
half of the active holoenzyme form of GAD65 is found at synaptic terminals where it is involved in 
synaptic transmission (Kaufman et al., 1991).  
GAD protein levels in the rodent brain play a direct role in AGS susceptibility. In the 
C57BL/10 SPS/sps AGS susceptible mutant mouse strain enzymatic activity of GAD was 
measured in whole brain supernatant to find that GAD levels were significantly lower compared 
to the non AGS susceptible mutant mouse strain (Cordero et al., 1994). In a unique study, a 
fetal rat striatal derived M213-2O cell line was modified to express GAD67 and implanted into the 
IC of AGS prone Long Evans rats. Two weeks following implantation the rats that received the 
transplantation had longer latencies to wild running (the initiation phase of AGS) when 
acoustically overstimulated compared to sham operated control animals (Ross et al., 2002). 
These studies indicate that changes in the protein levels of GAD, especially in the IC can be 
directly linked to AGS susceptibility. 
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In special cases, such as in GAD65 knockout mice, normal levels of GABA and GAD67 
are found, indicating that GAD67 can compensate for the loss of GAD65 (Asada et al., 1996), 
however, in the inverse situation, significant reductions in brain GABA are seen indicating that 
GAD65 cannot compensate for the loss of GAD67 (Asada et al., 1997). Interestingly, when the 
otherwise behaviorally normal animals were challenged with picrotoxin or pentelenetetrazol, 
seizures were more easily induced. The latencies to seizures induced by picrotoxin was shorter 
and the dose of pentylenetetrazol required for induction of seizures was lower (Asada et al., 
1996). Therefore, it can be postulated that in developmentally PCB exposed animals the 
reduction in GAD65 may be compensated for by the functions of GAD67 under normal conditions. 
However, in situations of high inhibitory demand on the auditory brainstem, such as acoustic 
overstimulation, the lack of synaptic GABA produced by GAD65 may result in AGS.  
Recently our group found that flavoprotein autofluorescence (an in vitro biomarker of 
neural activity) was similar in the auditory cortex of control and developmentally PCB exposed 
rats until challenge with the GABA receptor antagonist GABAzine, which resulted in increased 
activation in PCB exposed animals relative to controls (Sadowski et al., 2015). Similarly, 
perfusion of hippocampal slices with picrotoxin (to block GABA neurotransmission) led to 
increased field excitatory post synaptic potentials (fEPSPs) and epileptiform afterpotential 
discharges in the CA1 region of hippocampal slices exposed to PCBs compared to control non-
PCB perfused hippocampal slices (Kim et al., 2009). Together, these studies indicate that given 
a neural stressor, PCB exposure results in pathological increase in excitability of neural activity 
compared to controls.  
As mentioned before, developmental exposure to the environmentally relevant “Fox 
River PCB mixture” results in DPOAE changes in rats (Powers et al., 2006; Powers et al., 2009; 
Poon et al., 2011).  The OHCs within the cochlea are responsible for frequency selectivity and 
for increasing the sensitivity to sounds (Dallos, 1992). Our previous DPOAE results suggest that 
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developmental exposure to PCBs may disrupt OHC function, resulting in attenuated neural 
signaling at the level of the auditory brainstem. This attenuated neural signaling during 
development may result in a permanent down regulation of GAD65, which is thought to be more 
concentrated in phasically active neurons that are highly dependent upon synaptic inputs 
(Esclapez et al., 1994; Feldblum et al., 1993). In support of this hypothesis we observed down 
regulation of GAD65 protein levels in the IC and no changes in GAD67 or the post synaptic 
GABAA receptor in developmentally PCB exposed animals. These animals when subject to 
acoustic overstimulation (a stressor that requires additional inhibition/GABA) then may have a 
lack of sufficient synaptic GABA produced by GAD65 which results in AGS.    
3.6 Conclusions 
In summary, we have shown that developmental exposure to PCBs during the critical 
period of cochlear development resulted in an increased susceptibility to AGS in adulthood. 
Similar to what we have observed before, AGS effects were more robust in females than in 
males. In order to understand the biological substrate for increased seizure susceptibility in PCB 
exposed animals we measured GAD levels in the IC and found that there was a significant 
decrease in GAD65 in PCB exposed animals. This indicates that PCBs acted similar to a loud 
noise exposure during development, priming the animals to be more susceptible to AGS via 
down regulation of inhibitory GABA activity in the IC. Further research is needed to determine if 
this phenomenon of hyper-excitability is specific to the auditory brainstem or if developmental 
PCB exposure may cause a more generalized change in GABA function and seizure activity 
throughout the brain.   
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3.8 Figures 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Percentage of rats that showed any seizure behavior summed across all noise intensities 
(100, 105 and 110 dB), running fits and running fits followed by clonus for females and males. (b) 
Percentage of rats that showed clonus seizure at 100, 105 and 110 dB noise intensity. n= 9 for controls 
and 8 for PCB exposed group for both males and females.  F= females, M= males. * indicates that the 6 
mg/kg PCB exposure group significantly differed from the control group (p<0.05). 
 
 
 
 
 
 
 
 
 
Figure 2. (a and b) Percentage of rats that showed any seizure behavior at 100 dB noise intensity, 
running fits and running fits followed by clonus for females and males. (c and  d) Percentage of rats that 
showed clonus seizure at 100 dB noise intensity. n= 9 for controls and 8 for PCB exposed group for both 
males and females. * indicates that the 6 mg/kg PCB exposure group significantly differed from the 
control group (p<0.05). 
 
 
 
 
 
 
Figure 3. (a) Latency to wild running in females (b) latency to clonus in females (c) latency to wild running 
in males and (d) latency to clonus in males. * indicates that the 6 mg/kg PCB exposure group significantly 
differed from the control group (p<0.001) 
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Figure 4. (a) ARS score for females (b) ARS score for males. ARS score 0: no observable behavioral 
changes, 1: Running fit only, 2: Two running fits followed by clonus and 3: One running fit followed by 
clonus.  ** indicates that the 6 mg/kg PCB exposure group significantly differed from the control group 
(p<0.001). 
 
 
 
 
 
 
 
 
Figure 5. (a) GAD65 in the inferior colliculus of females (b) GAD65 in the inferior colliculus of males. 9 
females for both control and PCB exposed and 7 males for both control and PCB exposed were used. * 
indicated that the 6 mg/kg PCB exposure group significantly differed from the control group (p<0.05). 
 
 
 
 
 
 
 
 
Figure 6. (a) GAD67 in the inferior colliculus of females (b) GAD67 in the inferior colliculus of males. 9 
females for both control and PCB exposed and 7 males for both control and PCB exposed were used. 
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Figure 7. GABAA α1 in the inferior colliculus of females and males. 9 females for both control and PCB 
exposed and 7 males for both control and PCB exposed were used.   
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CHAPTER 4 
DEVELOPMENTAL EXPOSURE TO AN ENVIRONMENTAL PCB MIXTURE DELAYS THE 
PROPAGATION OF KINDLING IN THE AMYGDALA 
 
4.1 Abstract 
Electrical kindling of the amygdala was used to evaluate the effect of developmental 
exposure to an environmentally relevant PCB mixture, on seizure susceptibility in the rat. 
Female Long-Evans rats were dosed orally with 0 or 6 mg/kg/day of the PCB mixture dissolved 
in corn oil vehicle. On postnatal day (PND) 21, pups were weaned, and two males from each 
litter were randomly selected for the kindling study. As adults, the male rats were implanted 
bilaterally with electrodes in the basolateral amygdala. For each animal, afterdischarge (AD) 
thresholds were determined on the first day of testing for both brain hemispheres and 
subsequently each rat was stimulated once daily at a standard 200 µA stimulus intensity until 
three stage 5 generalized seizures ensued. Generalized seizure thresholds (GSTs) were also 
measured on both hemispheres in animals that had at least three consecutive stage 4-5 
generalized seizures. Although developmental PCB exposure did not affect the AD threshold or 
the total AD duration, PCB exposure did increase the latency to behavioral manifestations of 
seizure propagation. PCB exposed animals took significantly longer to reach stage 2 seizures 
compared to control animals indicating that PCB exposure attenuated focal (amygdaloidal) 
excitability. This unexpected result of delayed amygdaloid kindling in PCB exposed animals is in 
contrast to our previous finding of increased susceptibility to audiogenic seizures in similarly 
PCB-exposed rats. To further investigate the delay in kindling, GAD protein levels were 
measured in the basolateral amygdala in both control and developmentally PCB exposed 
animals. No significant effect of PCB exposure was seen for either GAD65 or GAD67 in the 
basolateral amygdala. 
Keywords: PCBs, amygdala kindling, seizures 
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4.2 Introduction 
Polychlorinated biphenyls (PCBs) are a class of halogenated aromatic hydrocarbons 
which were primarily used as dielectric or coolant fluids in transformers, capacitors and large 
electrical motors. Even though banned from production in North America in the late 1970‟s 
PCBs are still a ubiquitous environmental pollutant. They have bioaccumulated and 
biomagnified through the food chain and easily accumulate in the adipose tissue of humans and 
wild-life (Crinnion, 2011). Furthermore, continued exposure to PCBs can occur through PCBs 
that are found in caulking material of older buildings, including schools (Ampleman et al., 2015) 
and new evidence indicates that PCBs are produced inadvertently during the manufacture of 
paint pigments (Hu and Hornbuckle, 2010; Anezaki et al., 2014). PCBs are lipophilic and can be 
mobilized from the adipose tissue of the mother and enter the fetus and newborn through the 
placenta and through breast milk (Jacobson et al., 1984). This poses a significant threat to the 
developing infant as crucial developmental processes occur during this time that may be 
negatively affected by PCB exposure. PCB exposure during development has been shown to 
impair cognitive processes such as inhibitory control and working memory in both children and 
animal models (Boucher et al., 2009; Sable and Schantz, 2006; Eubig et al., 2010) and to cause 
auditory deficits in both children and animal models (Trnovec et al., 2010; Powers et al., 2006). 
Although our understanding of PCBs and their actions on the nervous system has advanced in 
recent years, very little research has been done to assess the convulsive effects of 
developmental PCB exposure.  
 Recently our laboratory found that developmental exposure to PCBs caused an increase 
in audiogenic seizure (AGS) susceptibility in rats (Poon et al., 2015). We found that when male 
and female rats developmentally exposed to PCBs were exposed to a 100 dB noise as adults 
they showed increased AGS incidence and severity compared to controls. Although there is 
very little other research directly assessing seizure susceptibility following PCB exposure, an 
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early study by Overman et al, (1984) found that when offspring of Wistar rat dams exposed to 
Aroclor 1254 at 2.5, 26 and 269 ppm throughout gestation and until weaning were subjected to 
an electroconvulsive shock they showed an increase in the duration of muscle flexion but a 
decrease in muscle extension which led to an overall (unexpected) decrease in total seizure 
duration in PCB exposed animals.  However, a more recent study suggested increased seizure 
severity following early PCB exposure. When rat offspring of dams exposed to a single PCB 
congener, PCB 95, at 1 or 6 mg/kg/day from gestational day 5 through weaning were exposed 
to the convulsant inhalant flurothyl in adulthood, the 1 mg/kg/day but not the higher 6mg/kg/day 
exposed rats had a slightly yet significantly shorter latency to myoclonus and a trend towards a 
shorter latency to onset of tonic-clonic seizures. When kindled by the convulsant drug 
pentylenetetrazole during the course of 28 days of testing where 14 injections of PTZ was 
delivered (48 hour intervals between each injection) , the 1mg/kg/day PCB95 exposed animals 
reached higher seizure severity stages on the 10,12 and 13th day compared to controls (Lein et 
al., 2010).  Although both of these studies hint at altered seizure susceptibility in animals 
exposed to PCBs there is a relative lack of studies systematically evaluating the direct 
convulsive effects of PCBs outside the auditory brainstem.  
Electrical kindling is a well-recognized animal model of temporal lobe epilepsy where 
repeated subthreshold stimulations of a limbic brain region eventually cause generalized 
seizures to occur (Goddard et al., 1969). In the kindling model, animals progress through 
several well characterized and increasingly severe behavioral and electrographic stages that 
can be easily identified. Unlike long term potentiation (LTP), which can also be caused by a 
subthreshold stimulation, the kindling paradigm causes permanent brain changes to the 
underlying biological/molecular substrates that lead to an increased susceptibility to generalized 
convulsions for the life of the animal (Morimoto et al., 2004). Therefore, kindling has also been 
considered a pathological form of LTP (Gilbert, 2001).  
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In the classical kindling paradigm where electrodes are chronically implanted into the 
amygdala of the rat and repeated subthreshold stimuli are delivered, the animal progresses 
through a series of behavioral phases (Racine, 1972) starting with focal seizures including 
ipsilateral eye closure and eye blinking, and head bobbing and drooling. Focal seizures then 
propagate to recruit other brain regions and progress to generalized seizures which are 
characterized by forelimb clonus, clonus with rearing involving the forelimbs and trunk, and 
finally culminating in dramatic rearing and falling due to loss of balance. During these 
increasingly severe behavioral episodes the electrical afterdischarge (AD) duration also 
increases, secondary/tertiary ADs may occur in the stimulated hemisphere and ADs may also 
evolve in the amygdala that is not being stimulated indicating the gradual spread of aberrant 
ADs throughout the brain.  
Kindling is a widely accepted model to predict seizure susceptibility in rodents and has 
also been used to assess the effects of toxicants on seizure susceptibility (Gilbert, 1988; Gilbert 
and Mack, 1989; Gilbert and Mack, 1995; Gilbert and Llorens, 1993). Unlike chemical kindling 
models, electrical kindling allows experimental control over a specific location for the initiation of 
the seizure and close monitoring of seizure propagation. Within this framework some toxicants 
are known to cause an increased susceptibility to seizures whereas others decrease seizure 
susceptibility. For example, rats given lindane (a chlorinated insecticide) repeatedly over a 
period of 10 weeks exhibited significantly facilitated electrical kindling of the amygdala when 
tested 4 to 6 weeks after dosing (Gilbert, 1989). It was later shown that lindane along with other 
chlorinated hydrocarbon insecticides such as endosulfan reduce seizure thresholds in amygdala 
kindled animals allowing for facilitated electrical kindling (Gilbert and Mack., 1995). Similarly, 
two different formamidines, Amitraz and chlrodimeform (insecticides/acaricides) given daily to 
experimental rats prior to amygdala kindling resulted in a facilitated kindling rate, and prolonged 
AD durations (Gilbert, 1988). In contrast to these toxicants, the toxin β, β‟-iminodipropionitrile 
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(IDPN) which causes redistribution of neurofilaments in axons (Fink et al., 1986) delayed the 
kindling process and shortened AD duration in exposed rats (Gilbert and Llorens., 1993).  
The present study was conducted to assess the convulsive effects of developmental 
PCB exposure in rats using the electrical kindling model. We focused on the amygdala because 
it is a critically important structure for the propagation and spread of electrographic seizure 
discharges during kindling.   In addition, it is a highly sensitive, very reliable structure for kindling 
with most of the fundamental work on toxicant exposures also having used the amygdala as the 
site for stimulation.  We hypothesized that similar to the auditory brainstem where we saw an 
increase in the incidence and severity of AGS in developmentally PCB exposed animals, these 
animals would kindle faster with stronger/longer ADs in the kindling paradigm compared to 
controls.  
4.3 Materials and methods 
Animals  
Primiparous female Long-Evans rats, approximately 8-10 weeks of age, were purchased 
from Harlan (Indianapolis, IN). They were individually housed in standard polycarbonate plastic 
shoebox cages with corn-cob bedding, and fed rat chow (Harlan Teklad rodent diet (W) 8604) 
and water ad libitum. All rats were housed in a temperature- and humidity-controlled room 
(22°C, 40–55% humidity), on a 12/12-hr light cycle (lights on at 0700 hr). The rats were 
maintained in facilities accredited by the Association for the Assessment and Accreditation of 
Laboratory Animal Care. All procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Illinois at Urbana-Champaign and were in accordance with the 
guidelines of the National Institutes of Health (2002) and National Research Council (2003).  
Exposure  
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The female rats were randomly assigned to exposure groups and given one of two 
treatments consisting of corn oil vehicle or PCBs in corn oil. Exposure began 28 days prior to 
breeding and continued until weaning of the pups on postnatal day (PND) 21. The PCB mixture 
(Fox River PCB mixture) was formulated to mimic the congener profile found in Walleye from 
the Fox River in northeast Wisconsin. The mixture consisted of 35% Aroclor 1242 (Monsanto lot 
KB 05-415; St. Louis, MO) 35% Aroclor 1248 (AccuStandards lot F-110; New Haven, CT), 15% 
Aroclor 1254 (Monsanto lot KB 05-612), and 15% Aroclor 1260 (AccuStandards lot 021-020) 
(Kostyniak et al., 2005). The dose, 6 mg/kg/day of the PCB mixture was selected based on 
previous ototoxicity and AGS studies as a dose that had clear effects on auditory function and 
AGS incidence and severity but did not cause overt clinical toxicity in the rats (see Kostyniak et 
al. 2005; Powers et al. 2006; Poon et al., 2015). The PCB mixture diluted in corn oil (Mazola) or 
the corn oil vehicle alone was pipetted onto one-half of a vanilla wafer cookie (Keebler Golden 
Vanilla Wafers) at a volume of 0.4 mL/kg. To arrive at a dose of 6 mg/kg and a dosing volume of 
0.4 mL/kg, the PCB solution was mixed at a concentration of 15 mg/ml. The PCB and vehicle 
treated cookies were fed to the female rats daily with the amount of dosing solution applied to 
the cookies adjusted daily to account for weight gain. 
Breeding, pregnancy, and weaning  
After the four weeks of PCB exposure, each female was paired with an unexposed male 
Long-Evans rat (Harlan, Indianapolis, IN) in a hanging wire cage for 8 consecutive days with 
food and water ad libitum. The females were returned to their home cages each day for PCB 
dosing. The females were monitored for the presence of a sperm plug in order to establish 
gestational day 0.  
On the first day after birth (PND1), the pups were examined for abnormalities, sexed and 
weighed. On PND 2, the litters were culled to 10 pups (five males and five females when 
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possible), and litters with at least 7 pups had extra pups cross-fostered into them from the same 
treatment group to bring the litters to 8–10 pups. Cross-fostered pups were ear marked and not 
used for the experiment. There were 19 successful litters. Of the remaining dams, 9 were not 
pregnant and 4 had litters too small to be included in the study (≤7 pups). Overall the non-
pregnant dams and dams with small litters were evenly distributed across the treatment groups. 
Dosing continued until the pups were weaned on PND 21. Two males from each of the 
successful litters were allowed to mature to adulthood at which time they were used for the 
kindling experiment.  
Kindling surgery  
Between the ages of 90-120 days of age all animals (N=34) were anesthetized with 
isoflourane and stereotaxically implanted bilaterally with electrodes in the basolateral amygdala 
(the coordinates were 2.5 mm posterior to Bregma, 4.5 mm from lateral to midline and 7.5 mm 
ventral to dura). Electrodes were constructed of twisted strands of nichrome (each strand 
125/µm), insulated except for the tips, and crimped onto gold plated male Amphenol pins. The 
tips of the electrodes were separated vertically by 0.5 mm. The Amphenol pins were inserted 
into a 9-pin connector, which was then cemented to the animal‟s skull with stainless steel 
screws. The animals were grounded through a screw inserted in the skull overlying the anterior 
neocortex.  
Kindling procedure 
Two weeks following surgery, animals were placed in a cuboidal Plexiglas testing 
chamber and connected to the stimulating/recording apparatus via a noise shielded cable. The 
electroencephalogram (EEG) was recorded on a Windows 7 pc with National Instruments 
kindling program installed. The pre-stimulation baseline, stimulation initiation and evoked 
afterdischarge (AD) were recorded using this system. An AD was defined as EEG activity 
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lasting 5 sec or longer, consisting of spikes at a frequency of 1 Hz or greater and with an 
amplitude at least four-fold the size of the pre-stimulation baseline. The stimulus was delivered 
by a Grass S-88 stimulator and two PSIU constant current converters. The stimulus itself 
consisted of a 1 second train of 60 Hz biphasic square waves, each 1 msec in duration. For 
after discharge threshold (ADT) testing, starting with the left hemisphere, a series of 
stimulations were delivered beginning at 25 uA and increasing in 25 uA steps at 5 minute 
intervals between stimulations until an AD was observed. The same steps were followed to 
identify ADT for the right hemisphere and the lower of the two ADT intensities and the 
hemisphere associated with that lower intensity was then considered the ADT for that animal. 
Following ADT testing, a standard 200 µA stimulus was delivered to the hemisphere with the 
lower ADT, once daily, until three stage 5 generalized seizures were observed. Severity of the 
behavioral seizure and duration of the evoked AD were recorded for each stimulation. 
Behavioral seizures were scored according to the following ranking system (Racine, 1972): 
Stage 1. An initial motor arrest following stimulation, with facial automatism and chewing, Stage 
2. Chewing and head nodding,  Stage 3. Forelimb clonus contralateral to the side of stimulation, 
Stage 4. Rearing and bilateral forelimb clonus, and finally, Stage 5. Rearing with bilateral clonus 
and loss of postural control.  
Following AD testing, animals that experienced at least three consecutive stage 4-5 
seizures were tested to determine a generalized seizure threshold (GST).Similar to ADT, a 
series of stimulations starting with 20 µA and increasing in 10 µA steps at 5 minute intervals 
was delivered to the same hemisphere as used in AD acquisition until a stage 4/5 generalized 
seizure was observed. The minimum stimulation that was delivered to the AD acquisition 
hemisphere to observe this generalized seizure was considered the GST for that hemisphere. 
Once established, the same steps were followed in the non-AD acquisition hemisphere to 
determine its GST as well. . 
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Upon completion of the experiment, animals were given an overdose of 
ketamine/xylazine; 87:13 and perfused through the heart with 10% paraformaldehyde and 
saline. The brains were removed and prepared for histological analysis. Coronal sections were 
cut at 100 µm on a cryostat, mounted and stained with methyl blue to verify electrode 
placement.  
Statistical analysis  
All statistical analyses were conducted using SPSS for MS Windows (version 20.0; IBM 
SPSS Statistics with Exact Tests Module) with statistical significance set at p<0.05. The 
average AD and the duration of the first AD as well the duration of or latency to clonic seizures 
were analyzed by Students T test. Kindling rate and AD development were assessed using 
repeated measures ANOVA. The Students T test was also used for GST analyses. 
4.4 Results 
Developmental effects 
There were no overt signs of clinical toxicity in the dams from either the control or PCB 
dose group. In the PCB exposed pups, there was a slight decrease (8, 13 and 19%) in body 
weight compared to controls at postnatal days 7, 14 and 21. No other developmental 
abnormalities were noted.  
Basolateral amygdala electrode placement 
 Thirty four male rats, two from each litter were implanted with electrodes to the 
basolateral amygdala. Data were analyzed for 21 of these animals (9 PCB exposed and 12 
controls) that had histologically confirmed correct electrode placement in the basolateral 
amygdala (representative picture shown in Figure 8) and did not lose head caps during the 
duration of the experiment.  
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After Discharge threshold/acquisition 
The after discharge threshold did not differ between the control and 6 mg/kg PCB dose 
groups (Figure 9a).  Similarly, the average primary AD and average total AD (primary + 
secondary/tertiary AD) were not significantly different. However, PCB exposed animals had 
higher primary AD and total AD‟s compared to control animals (Figure 9b and c). 
The rate of behavioral kindling development, however, was significantly prolonged in 
animals exposed to PCBs. The mean number of stimulations (± SEM) required to evoke the first 
Stage 5 seizure for the 6 mg/kg PCB animals was 16.43 ± 2.00 compared to 11.56 ±0.66 in oil 
treated control animals (Figure 10a), A repeated measures ANOVA revealed significant effects 
of treatment, F(1,14)=8.071, p<0.001 and stage F(4,11)=34.918, p<0.001 and a marginally 
significant treatment x stage interaction, F(4,11)=2.725, p=0.085 (Figure 10b). The delay in 
kindling development induced by developmental PCBs can be further characterized by 
displaying it as the mean number of sessions in each stage of motor seizure. A repeated 
measures factorial ANOVA revealed that there was a significant effect of treatment, F(1,14)= 
5.755, p=0.031 driven mainly developmentally PCB exposed animals showing an increase in 
the mean number of sessions in stage 1. There was also a significant effect of stage 
F(5,10)=27.042, p<0.001 and no significant interaction between treatment x stage (figure 10c). 
The primary AD duration and total AD duration over sessions for PCB exposed and control 
groups were not statistically different (Figure 11a and b).   
Generalized seizure threshold 
Also measured were the latency to and duration of the AD during stage 4 and stage 5 
clonus. Again, these measures did not show a statistically significant difference between the 
control and 6 mg/kg PCB dose groups (Figure 12). Finally, the GST testing which followed 
kindling acquisition also did not show a significant difference between the two dose groups.  
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Western blot analysis of GAD proteins in the basolateral amygdala 
 Given the unexpected finding of delayed behavioral manifestations of seizure we 
hypothesized that these could be the result of decreased excitability (more GAD/GABA) in the 
basolateral amygdala. Therefore, samples of the basolateral amygdala were dissected from 
littermates of the kindled animals by making a 1.0 mm circular tissue punch (Harris Uni-Core; 
Ted Pella, Inc.) in a 1.0 mm think coronal slice from control and PCB exposed animals (the 
same slice preparation that was used in Chapter 3 for isolating the somatosensory cortex and 
the hippocampus). These samples were immediately snap frozen until the time of western blot 
analysis. Measures of GAD65 and GAD67 were made using the procedures described in detail in 
Chapter 3.  
 However, there was no significant difference between controls and developmentally PCB 
exposed animals for either GAD65 or GAD67 in the basolateral amygdala (Figure 13a and b).  
4.5 Discussion 
Developmental PCB exposure delayed the development of the behavioral manifestations 
of amygdala kindling. This delay was evident from Stages 2-5 and was mainly driven by PCB 
exposed animals remaining in Stage 1 for more sessions compared to controls. During Stage 1 
seizures motor arrest at the time of stimulation, facial automatisms and chewing are observed 
which are thought to be induced by seizure activity within the immediate region of the 
stimulation site (amygdala) or in projections that are directly originating from the amygdala. No 
significant differences were seen on AD threshold (both hemispheres tested) nor the duration of 
ADs across sessions between control and PCB exposed animals. Although the differences 
between groups in average primary AD and average total AD did not reach significance, there 
was a trend towards higher durations for both measures in the PCB exposed group which was 
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driven by PCB exposed animals taking longer (more sessions) to achieve a stage 5 seizure 
compared to control animals.  
  As mentioned earlier, very little research has been done to assess the direct convulsive 
effects of PCB exposure. An early study done by Rosin and Martin (1981) found that doses of 
PCBs at 30, 100 and 500 mg/kg had no effect on pentelenetentrazol (PTZ) induced convulsions 
in mice. In another study, mixed effects on tonic seizure phases were seen with PCB exposure 
increasing the duration of forelimb and hindlimb flexion and decreasing the duration of hindlimb 
extension (indicative of a quicker recovery from tonic seizure) at 2.5 and 26 ppm Aroclor 1254 in 
the diet (Overmann et al., 1984). More recently, a study by Lein et al., (2010) indicated that a 1 
mg/kg dose, but not a higher 6 mg/kg dose of PCB congener 95 decreased the latency to 
myoclonus after exposure to flurothyl. The same group reported that rats exposed to the 1 
mg/kg dose of PCB 95 had higher seizure severity scores on days 10, 12 and 13 of injection 
compared to controls when kindled by PTZ for 14 days of injection. Interpretation of such results 
is difficult as these studies used a single PCB congener or a commercial mixture of PCB 
congeners (A1254) and used chemical kindling or electroshock methods to induce seizures in 
rodents. Humans and wildlife are exposed to a complex mixture of PCBs in the environment that 
does not resemble any of the commercial mixtures. Also, a more systematic approach to 
measure seizure susceptibility is needed to better understand the convulsive effects of PCBs. 
Our own studies have indicated that developmental PCB exposure increases the incidence of 
audiogenic seizures (AGS) in adulthood (Poon et al., 2015), and we have shown that reductions 
of glutamic acid decarboxylase (GAD) in the inferior colliculus (IC) (indicative of reduced 
inhibitory neurotransmission) may mediate this effect (Chapter 3). In this study, it was 
hypothesized that PCBs may induce a reduction in inhibitory neurotransmission throughout the 
brain, resulting in increased seizure susceptibility in structures outside the auditory brainstem. 
However, using the well characterized amygdaloid kindling model we actually found the reverse, 
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that developmental exposure to PCBs delayed the behavioral progression of kindling relative to 
the control group.    
Kindling and long term potentiation (LTP) are both models of synaptic plasticity, 
however, unlike LTP, kindling can be considered a pathological state caused by repeated 
stimulation of a brain region. Whilst LTP and kindling may share common physiological and 
cellular mechanisms of action, kindling differs from LTP in that it results in permanent 
transsynaptic alterations in connectivity (reviewed by Gilbert, 2001). In line with our kindling 
results, PCB exposure has been shown to result in changes to LTP. In an in vitro study of the 
effects of acute exposure to PCB mixtures A1016 and A1254 on synaptic transmission between 
Shaffer collaterals and CA1 neurons in the hippocampus, LTP was reduced by A1016 in a dose 
dependent manner. Similarly, A1254 even at low concentrations blocked LTP and at higher 
concentrations decreased synaptic transmission (Niemi et al., 1998). In vivo developmental 
exposure to PCBs has also been shown to decrease LTP (where the highly chlorinated A1254 
PCB mixture resulted in a 50% decrement in LTP magnitude (Gilbert and Crofton 1999). In 
summary, studies suggest a reduction in LTP following developmental PCB exposure and these 
findings are consistent with a delay in the kindling process given the similar mechanisms of 
action for both LTP and kindling.  
A decrease of GABA, the main inhibitory neurotransmitter in the mammalian brain 
results in increased excitation and convulsions (Faingold, 1999). Interestingly, it has been 
shown that changes in the level of excitation in brain regions outside the amygdala, such as in 
the auditory brainstem can influence amygdaloid circuitry. For example, the repeated induction 
of AGS within the auditory brainstem results in plastic and firing pattern changes in the 
amygdala (Feng and Faingold., 2002). We have previously shown that developmental PCB 
exposure results in an increased incidence of AGS in rats (Poon et al., 2015; Chapter 3). We 
further demonstrated that this increased susceptibility may be mediated by a reduction in GABA 
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synthesis due to decreased GAD levels in the inferior colliculus (IC) (Chapter 3). The IC-
amygdaloid connectivity has been well studied. GABA in the IC influences the excitability of 
projection neurons in the medial geniculate body (MGB) via monosynaptic glutamatergic 
projections originating from the IC (Peruzzi et al., 1997). These afferents from the MGB synapse 
on inhibitory interneurons that produce GABA in the lateral amygdala (Woodson et al., 2000; Li 
et al., 1996). If there is increased afferent signaling from the MGB to amygdala interneurons 
more GABA may be produced delaying the propagation of the amygdala kindling process PCB 
exposed rats. It has also been shown that tetanization of this thalamo-amygdaloid pathway 
results in inhibition of LTP at the lateral amygdala (Li et al., 1998) which further strengthens the 
case for an IC mediated change in amygdaloid excitability. Given this evidence, western blot 
analysis was used to measure GAD65 and GAD67 protein levels in the basolateral amygdala in 
control and PCB exposed animals. However, contrary to expectations no effects of PCBs on 
GAD in the basolateral amygdala were observed. Therefore, further research will be needed to 
determine the underlying mechanism for the delay in amygdala kindling.    
4.6 Conclusions 
In summary, a delay in kindling was demonstrated in developmentally PCB exposed 
animals. Although the AD was not affected by PCB exposure, the behavioral manifestations of 
the kindling process were affected. These results may be explained by changes in the cellular 
and physiological processes that underlie reduced neural plasticity during kindling (much like 
the reduced plasticity that occurs in LTP) in PCB exposed animals or by the interconnectivity 
between the IC and the amygdala, whereby increased excitability in the IC may lead to reduced 
excitability in the amygdala, although measurements of GAD in the basolateral amygdala does 
not support this. Additional research will be needed to clarify the underlying mechanism for the 
delay in amygdala kindling in developmentally PCB exposed animals.  
76 
 
4.7 References  
Altmann, L., Lilienthal, H., Hany, J., & Wiegand, H. (1998). Inhibition of long-term potentiation in 
developing rat visual cortex but not hippocampus by in utero exposure to polychlorinated 
biphenyls. Brain Research.Developmental Brain Research, 110(2), 257-260.  
Altmann, L., Mundy, W. R., Ward, T. R., Fastabend, A., & Lilienthal, H. (2001). Developmental 
exposure of rats to a reconstituted PCB mixture or aroclor 1254: Effects on long-term 
potentiation and [3H]MK-801 binding in occipital cortex and hippocampus. Toxicological 
Sciences : An Official Journal of the Society of Toxicology, 61(2), 321-330.  
Ampleman, M. D., Martinez, A., DeWall, J., Rawn, D. F., Hornbuckle, K. C., & Thorne, P. S. 
(2015). Inhalation and dietary exposure to PCBs in urban and rural cohorts via congener-
specific measurements. Environmental Science & Technology,  
Anezaki, K., Kannan, N., & Nakano, T. (2014). Polychlorinated biphenyl contamination of paints 
containing polycyclic- and naphthol AS-type pigments. Environmental Science and 
Pollution Research International, Asada, H., Kawamura, Y., Maruyama, K., Kume, H., Ding, 
R., Ji, F. Y., et al. (1996). Mice lacking the 65 kDa isoform of glutamic acid decarboxylase 
(GAD65) maintain normal levels of GAD67 and GABA in their brains but are susceptible to 
seizures. Biochemical and Biophysical Research Communications, 229(3), 891-895.  
Bartlett, E. L., & Smith, P. H. (1999). Anatomic, intrinsic, and synaptic properties of dorsal and 
ventral division neurons in rat medial geniculate body. Journal of Neurophysiology, 81(5), 
1999-2016.  
Boucher, O., Muckle, G., & Bastien, C. H. (2009). Prenatal exposure to polychlorinated 
biphenyls: A neuropsychologic analysis. Environmental Health Perspectives, 117(1), 7-16.  
Bush, B., Seegal, R. F., & Brosch, K. O. (1985). Polychlorinated biphenyls induce regional 
changes in brain norepinephrine concentrations in adult rats. Neurotoxicology, 6(3), 13-23.  
Crinnion, W. J. (2011). Polychlorinated biphenyls: Persistent pollutants with immunological, 
neurological, and endocrinological consequences. Alternative Medicine Review : A Journal 
of Clinical Therapeutic, 16(1), 5-13.  
Eubig, P. A., Aguiar, A., & Schantz, S. L. (2010). Lead and PCBs as risk factors for attention 
deficit/hyperactivity disorder. Environmental Health Perspectives, 118(12), 1654-1667.  
Faingold, C. L. (1999). Neuronal networks in the genetically epilepsy-prone rat. Advances in 
Neurology, 79, 311-321.  
Farb, C. R., & LeDoux, J. E. (1997). NMDA and AMPA receptors in the lateral nucleus of the 
amygdala are postsynaptic to auditory thalamic afferents. Synapse (New York, N.Y.), 27(2), 
106-121.  
Feng, H. J., & Faingold, C. L. (2002). Repeated generalized audiogenic seizures induce plastic 
changes on acoustically evoked neuronal firing in the amygdala. Brain Research, 932(1-2), 
61-69.  
77 
 
Feng, H. J., & Faingold, C. L. (2002). Repeated generalized audiogenic seizures induce plastic 
changes on acoustically evoked neuronal firing in the amygdala. Brain Research, 932(1-2), 
61-69.  
Feng, H. J., Naritoku, D. K., Randall, M. E., & Faingold, C. L. (2001). Modulation of 
audiogenically kindled seizures by gamma-aminobutyric acid-related mechanisms in the 
amygdala. Experimental Neurology, 172(2), 477-481.  
Fink, D. J., Purkiss, D., & Mata, M. (1986). Beta,beta'-iminodipropionitrile impairs retrograde 
axonal transport. Journal of Neurochemistry, 47(4), 1032-1038.  
Fritsch, B., Qashu, F., Figueiredo, T. H., Aroniadou-Anderjaska, V., Rogawski, M. A., & Braga, 
M. F. (2009). Pathological alterations in GABAergic interneurons and reduced tonic 
inhibition in the basolateral amygdala during epileptogenesis. Neuroscience, 163(1), 415-
429.  
Gilbert, M. E. (1988). Formamidine pesticides enhance susceptibility to kindled seizures in 
amygdala and hippocampus of the rat. Neurotoxicology and Teratology, 10(3), 221-227.  
Gilbert, M. E. (1988). Formamidine pesticides enhance susceptibility to kindled seizures in 
amygdala and hippocampus of the rat. Neurotoxicology and Teratology, 10(3), 221-227.  
Gilbert, M. E. (1992). Proconvulsant activity of endosulfan in amygdala kindling. 
Neurotoxicology and Teratology, 14(2), 143-149.  
Gilbert, M. E. (1995). Repeated exposure to lindane leads to behavioral sensitization and 
facilitates electrical kindling. Neurotoxicology and Teratology, 17(2), 131-141.  
Gilbert, M. E. (2001). Does the kindling model of epilepsy contribute to our understanding of 
multiple chemical sensitivity? Annals of the New York Academy of Sciences, 933, 68-91.  
Gilbert, M. E. (2001). Does the kindling model of epilepsy contribute to our understanding of 
multiple chemical sensitivity? Annals of the New York Academy of Sciences, 933, 68-91.  
Gilbert, M. E. (2011). Impact of low-level thyroid hormone disruption induced by propylthiouracil 
on brain development and function. Toxicological Sciences : An Official Journal of the 
Society of Toxicology, 124(2), 432-445.  
Gilbert, M. E., & Crofton, K. M. (1999). Developmental exposure to a commercial PCB mixture 
(aroclor 1254) produces a persistent impairment in long-term potentiation in the rat dentate 
gyrus in vivo. Brain Research, 850(1-2), 87-95.  
Gilbert, M. E., & Llorens, J. (1993). Delay in the development of amygdala kindling following 
treatment with 3,3'-iminodipropionitrile. Neurotoxicology and Teratology, 15(4), 243-250.  
Gilbert, M. E., & Mack, C. M. (1989). Enhanced susceptibility to kindling by chlordimeform may 
be mediated by a local anesthetic action. Psychopharmacology, 99(2), 163-167.  
78 
 
Gilbert, M. E., & Mack, C. M. (1995). Seizure thresholds in kindled animals are reduced by the 
pesticides lindane and endosulfan. Neurotoxicology and Teratology, 17(2), 143-150.  
Goddard, G. V., McIntyre, D. C., & Leech, C. K. (1969). A permanent change in brain function 
resulting from daily electrical stimulation. Experimental Neurology, 25(3), 295-330.  
Hu, D., & Hornbuckle, K. C. (2010). Inadvertent polychlorinated biphenyls in commercial paint 
pigments. Environmental Science & Technology, 44(8), 2822-2827. Inglefield, J. R., & 
Shafer, T. J. (2000). Perturbation by the PCB mixture aroclor 1254 of GABA(A) receptor-
mediated calcium and chloride responses during maturation in vitro of rat neocortical cells. 
Toxicology and Applied Pharmacology, 164(2), 184-195.  
Ito, T., Bishop, D. C., & Oliver, D. L. (2009). Two classes of GABAergic neurons in the inferior 
colliculus. The Journal of Neuroscience : The Official Journal of the Society for 
Neuroscience, 29(44), 13860-13869.  
Ito, T., & Oliver, D. L. (2012). The basic circuit of the IC: Tectothalamic neurons with different 
patterns of synaptic organization send different messages to the thalamus. Frontiers in 
Neural Circuits, 6, 48.  
Jacobson, J. L., Fein, G. G., Jacobson, S. W., Schwartz, P. M., & Dowler, J. K. (1984). The 
transfer of polychlorinated biphenyls (PCBs) and polybrominated biphenyls (PBBs) across 
the human placenta and into maternal milk. American Journal of Public Health, 74(4), 378-
379.  
Kim, K. H., Inan, S. Y., Berman, R. F., & Pessah, I. N. (2009). Excitatory and inhibitory synaptic 
transmission is differentially influenced by two ortho-substituted polychlorinated biphenyls 
in the hippocampal slice preparation. Toxicology and Applied Pharmacology, 237(2), 168-
177.  
Kostyniak, P. J., Hansen, L. G., Widholm, J. J., Fitzpatrick, R. D., Olson, J. R., Helferich, J. L., et 
al. (2005). Formulation and characterization of an experimental PCB mixture designed to 
mimic human exposure from contaminated fish. Toxicological Sciences : An Official Journal 
of the Society of Toxicology, 88(2), 400-411.  
Lein, P. J., Kim, K. H., Berman, R. F., and Pessah, I. N. (2010). Exposure of the developing 
brain to polychlorinated biphenyls influences the suceptibility of the adult brain to stress. In 
Developmental Neurotoxicolgy Research: Principles, Models, Techniques, Strategies and 
Mechanisms (C. Wang and W. Slikker, Eds.)pp 211-229. John Wiley & Sons, Inc.  
Li, X., Weisskopf, M. G., & LeDoux, J. E. (1998). Inhibitory LTP in the lateral amygdala induced 
by tetanization of the thalamo-amygdala pathway.  . Society of Neuroscience Abstracts, 
24(760.4)  
Li, X. F., Stutzmann, G. E., & LeDoux, J. E. (1996). Convergent but temporally separated inputs 
to lateral amygdala neurons from the auditory thalamus and auditory cortex use different 
postsynaptic receptors: In vivo intracellular and extracellular recordings in fear conditioning 
pathways. Learning & Memory (Cold Spring Harbor, N.Y.), 3(2-3), 229-242.  
79 
 
Loscher, W., & Ebert, U. (1996). The role of the piriform cortex in kindling. Progress in 
Neurobiology, 50(5-6), 427-481.  
Mariussen, E., & Fonnum, F. (2001). The effect of polychlorinated biphenyls on the high affinity 
uptake of the neurotransmitters, dopamine, serotonin, glutamate and GABA, into rat brain 
synaptosomes. Toxicology, 159(1-2), 11-21.  
McIntyre, D. C., & Gilby, K. L. (2008). Mapping seizure pathways in the temporal lobe. 
Epilepsia, 49 Suppl 3, 23-30.  
McIntyre, D. C., Poulter, M. O., & Gilby, K. (2002). Kindling: Some old and some new. Epilepsy 
Research, 50(1-2), 79-92.  
McIntyre, D. C., & Racine, R. J. (1986). Kindling mechanisms: Current progress on an 
experimental epilepsy model. Progress in Neurobiology, 27(1), 1-12.  
McIntyre, D. C., & Wong, R. K. (1986). Cellular and synaptic properties of amygdala-kindled 
pyriform cortex in vitro. Journal of Neurophysiology, 55(6), 1295-1307.  
Mills, S. A., & Savage, D. D. (1988). Evidence of hypothyroidism in the genetically epilepsy-
prone rat. Epilepsy Research, 2(2), 102-110.  
Morimoto, K., Fahnestock, M., & Racine, R. J. (2004). Kindling and status epilepticus models of 
epilepsy: Rewiring the brain. Progress in Neurobiology, 73(1), 1-60. Niemi, W. D., Audi, J., 
Bush, B., & Carpenter, D. O. (1998). PCBs reduce long-term potentiation in the CA1 region 
of rat hippocampus. Experimental Neurology, 151(1), 26-34.  
Niemi, W. D., Audi, J., Bush, B., & Carpenter, D. O. (1998). PCBs reduce long-term potentiation 
in the CA1 region of rat hippocampus. Experimental Neurology, 151(1), 26-34. 
Overmann, S. R., Kostas, J., Wilson, L. R., Shain, W., & Bush, B. (1987). Neurobehavioral and 
somatic effects of perinatal PCB exposure in rats. Environmental Research, 44(1), 56-70.  
Pacheco-Rosado, J., Hernandez-Garcia, A., & Ortiz-Butron, R. (2004). Perinatal hypothyroidism 
increases the susceptibility to lidocaine-kindling in adult rats. Neuroscience Letters, 367(2), 
186-188.  
Peruzzi, D., Bartlett, E., Smith, P. H., & Oliver, D. L. (1997). A monosynaptic GABAergic input 
from the inferior colliculus to the medial geniculate body in rat. The Journal of Neuroscience 
: The Official Journal of the Society for Neuroscience, 17(10), 3766-3777.  
Peterson, S. L., Albertson, T. E., Stark, L. G., Joy, R. M., & Gordon, L. S. (1981). Cumulative 
after-discharge as the principal factor in the acquisition of kindled seizures. 
Electroencephalography and Clinical Neurophysiology, 51(2), 192-200.  
Poon, E., Bandara, S. B., Allen, J. B., Sadowski, R. N., & Schantz, S. L. (2015). Developmental 
PCB exposure increases susceptibility to audiogenic seizures in 
adulthood. Neurotoxicology, 46, 117-124. 
80 
 
Powers, B. E., Widholm, J. J., Lasky, R. E., & Schantz, S. L. (2006). Auditory deficits in rats 
exposed to an environmental PCB mixture during development. Toxicological Sciences : 
An Official Journal of the Society of Toxicology, 89(2), 415-422.  
Racine, R. J. (1972). Modification of seizure activity by electrical stimulation. I. after-discharge 
threshold. Electroencephalography and Clinical Neurophysiology, 32(3), 269-279.  
Racine, R. J. (1972). Modification of seizure activity by electrical stimulation. II. motor seizure. 
Electroencephalography and Clinical Neurophysiology, 32(3), 281-294.  
Racine, R. J. (1975). Modification of seizure activity by electrical stimulation: Cortical areas. 
Electroencephalography and Clinical Neurophysiology, 38(1), 1-12.  
Racine, R. J., Steingart, M., Bureau, Y., & McIntyre, D. C. (2003). Differential sensitivity of 
genetically fast vs. slow kindling rats strains to GABAergic convulsive agents. 
Neuropharmacology, 45(7), 918-924.  
Ribak, C. E., & Morin, C. L. (1995). The role of the inferior colliculus in a genetic model of 
audiogenic seizures. Anatomy and Embryology, 191(4), 279-295.  
Rosin, D. L., & Martin, B. R. (1981). Neurochemical and behavioral effects of polychlorinated 
biphenyls in mice. Neurotoxicology, 2(4), 749-64.  
Sable, H. J. K., & Schantz, S. L. (2006). Executive function following developmental exposure to 
polychlorinated biphenyls (PCBs): What animal models have told us. In E. D. Levin, & J. J. 
Buccafusco (Eds.), Animal models of cognitive impairment (). Boca Raton (FL): Taylor & 
Francis Group, LLC.  
Trnovec, T., Sovcikova, E., Pavlovcinova, G., Jakubikova, J., Jusko, T. A., Hustak, M., et al. 
(2010). Serum PCB concentrations and cochlear function in 12-year-old children. 
Environmental Science & Technology, 44(8), 2884-2889.  
Woodson, W., Farb, C. R., & Ledoux, J. E. (2000). Afferents from the auditory thalamus 
synapse on inhibitory interneurons in the lateral nucleus of the amygdala. Synapse (New 
York, N.Y.), 38(2), 124-137.  
Zoeller, R. T., Dowling, A. L., & Vas, A. A. (2000). Developmental exposure to polychlorinated 
biphenyls exerts thyroid hormone-like effects on the expression of RC3/neurogranin and 
myelin basic protein messenger ribonucleic acids in the developing rat brain. 
Endocrinology, 141(1), 181-189.  
 
 
 
81 
 
4.8 Figures 
 
Figure 8. Representative electrode placement to the basolateral amygdala 
of a kindled rat. Highlighted circle indicates acceptable region for electrode 
placement. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. a) Average after discharge threshold, panel b and c) total primary AD duration and total (primary 
+ secondary/tertiary) AD duration. No significant effects were seen for any of these measures. However, 
a trend towards longer AD durations in PCB exposed animals was observed.  
 
 
 
 
Figure 10. a) Days to reach first Racine stage 5 seizure. There 
was a significant effect where PCB exposed group took 
significantly longer compared to the control group (p<0.05). 
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Figure 10. b) Days to reach each Racine 
stage. * Indicates that there was a main 
effect where the 6 mg/kg PCB dose 
groups significantly differed from the 
control group (p<0.05).  
 
 
 
 
 
 
 
Figure 10. c) Days in each Racine stage. 
The delay in kindling is mainly driven by 
the longer duration (sessions) in stage 1 
that the 6 mg/kg PCB animals took 
compared to the controls. 
 
 
 
 
 
 
 
 
 
Figure 11. a) Primary AD duration by session shows no significant effect of dose, similarly, b) Total AD 
duration also does not differ between the control and the PCB dose group.  
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Figure 12. a) Latency to stage 4 and stage 5 did not differ between the control and the PCB dose group. 
Similarly, b) the duration of clonus at stage 4 and stage 5 also did not differ between the dose groups.   
 
 
 
 
 
 
Figure 13. a) GAD65 in the basolateral amygdala. b) GAD67 in the basolateral amygdala. 9 females for 
both control and PCB exposed and 7 males for both control and PCB exposed were used. 
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Chapter 5 
GENERAL DISCUSSION 
5.1 Conclusions 
This series of studies confirmed that developmental exposure to an environmentally 
relevant PCB mixture (the Fox River PCB mix), results in an increased incidence of audiogenic 
seizures (AGS) in rats, but found that PCB exposed animals were more resistant to seizures in 
a model of temporal lobe epilepsy. In Chapter 3 it was shown that developmental PCB exposure 
dramatically increases the incidence of AGS in young adult rats with no prior noise exposure. 
Investigation into the mechanism of AGS in these animals revealed that there was a decrease in 
the amount of GAD65 in the inferior colliculus (IC) of developmentally PCB exposed animals 
compared to control animals. Although GAD65 was decreased, neither GAD67 nor GABAAα1 
protein levels were significantly different between the two groups. This suggests that that GAD65 
may play a prominent role in the neural inhibition that occurs in response to acoustic over 
stimulation in the IC.  
In Chapter 4, amygdala kindling, a well-characterized model of temporal lobe epilepsy in 
rats was used to identify whether developmental PCB exposure increased the susceptibility to 
seizures initiated outside the auditory brainstem. Contrary to what was expected, 
developmentally PCB exposed animals actually kindled slower than control animals. Specifically, 
they took longer to progress from focal seizures (amygdala) to generalized seizures that involve 
structures outside the amygdala. However, there were no differences between the PCB 
exposed and control groups in GAD65 or GAD67 levels in the basolateral amygdala (the site of 
electrical kindling). Decreased hippocampal LTP has been shown with PCB exposure in both in 
vivo and in vitro (Gilbert and Crofton, 1999; Ozcan et al., 2004) and kindling can be considered 
a pathological state of LTP with similar underlying physiological and cellular mechanisms of 
action. Although LTP has not been measured in the amygdala of developmentally PCB exposed 
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animals, given the hippocampal LTP results, it is possible that a decrease in neural plasticity at 
the amygdala in PCB animals may explain the delay in kindling that was observed in this 
experiment. 
New research in our laboratory found flavoprotein autoflouorescense (an in vitro 
metabolic marker of neuronal activation) to be normal in the auditory cortex (A1) in response to 
thalamo-cortical stimulation in PCB exposed animals. However, in the presence of GABAzine (a 
GABA receptor antagonist) the same stimulation resulted in a significantly increased 
flavoprotein signal in the A1 of PCB exposed animals compared to controls (Sadowski et al., 
2015). Similarly, others have also shown that blocking GABA receptors via picrotoxin leads to 
over excitation that induces epileptic after discharges in hippocampal slices from 
developmentally PCB exposed animals (Kim and Pessah, 2011). These studies indicate that 
although activity appears unchanged under normal conditions, introduction of a stressor such as 
an antagonist drug as described above or a loud acoustic stimulus in the case of the AGS study 
(Chapter 3) abnormal over excitation occurs in developmentally PCB exposed animals.  
In the auditory system, developmental PCB exposure has been associated with 
abnormalities at various levels. It has been shown that PCB exposure results in impaired outer 
hair cell function in the cochlea as measured by otoacoustic emissions in rats and in humans 
(Powers et al., 2006; Powers et al., 2009; Poon et al., 2011; Trnovec et al., 2010; Jusko et al., 
2014). In the auditory brainstem, GAD65 protein levels were decreased in the IC of PCB 
exposed animals (Chapter 3). Finally, in the A1 region of the auditory cortex, flavoprotein 
autofluoresense was increased in response to GABAzine in PCB exposed animals (Sadowski et 
al., 2015). Together these studies indicate increased vulnerability of the auditory system after 
developmental PCB exposure. Further research will be needed to fully understand the 
mechanisms for these alterations and the implications they have for human health.   
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Interestingly, the Fmr1 knockout mouse, a mouse model of human Fragile X syndrome 
is prone to AGS (Chen and Toth, 2001), and performs poorly on auditory tasks such as auditory 
pre pulse inhibition (Olmos-Serrano et al., 2011; Levenga et al., 2011). Humans who are 
diagnosed with Fragile X syndrome also show impaired pre-pulse inhibition and are 
hypersensitive to auditory stimuli (Frankland et al., 2004). The exact mechanism behind this 
heightened sensory excitability in Fragile X syndrome is poorly understood, however disrupted 
GABA function may underlie these effects (reviewed by Coghlan et al., 2012). Autism spectrum 
disorders (ASDs) share many common symptomologies with Fragile X syndrome including 
language and communication disorders which may stem from an impaired auditory system. 
Much like in Fragile X, our research has shown that developmental PCB exposure causes 
hypersensitivity to auditory stimuli in the rat model. Only one study to date has assessed 
developmental PCB exposure on sensitivity to auditory stimuli in the pre-pulse inhibition 
behavioral task. In this study, genetically altered mice [AhrdCYP1A2(-/-)]; with reduced AhR 
affinity and lacking CYP1A2 liver enzyme were treated with PCBs from GD10-PND5, and were 
later shown to have a significantly enhanced baseline to startle response in pre-pulse inhibition 
compared to control mice (Curran et al., 2012). Although this study was conducted in mice that 
lacked a liver enzyme that metabolizes PCBs, it does suggest that developmental PCB 
exposure may impair pre-pulse inhibition. Future research is needed to better understand the 
auditory hypersensitivity in PCB exposed animals, but the similarities to some of the 
manifestations of ASDs suggest that developmental PCB exposure could be a risk factor that 
might increase susceptibility ASDs. 
LTP is arguably the best model of synaptic learning and memory.  A decrease in LTP is 
seen in hippocampal and non-hippocampal regions in developmentally PCB exposed animals 
compared to controls (Gilbert et al., 2000; Altmann et al., 2001) and as detailed in Chapter 4, a 
decrease in LTP in the basolateral amygdala may underlie the delay in kindling in PCB exposed 
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animals. Although the mechanism for this delay in kindling (reduced LTP) in the basolateral 
amygdala remains unclear, it is clear that permanent changes to neuronal plasticity have 
occurred in developmentally PCB exposed animals. LTP in the amygdala circuitry is critical for 
learning associated with emotional stimuli (Maren, 1999 and Rogan et al., 1997) and altered 
synaptic plasticity may have negative consequences on amygdala-dependent learning 
paradigms such as in Pavlovian fear conditioning. To date, no studies have assessed the 
developmental effects of PCB exposure on such end points and their consequences to human 
health. 
5.2 Future research directions 
As mentioned earlier, the delay in amygdaloid kindling in developmentally PCB exposed 
animals was unexpected. The results indicated that GAD levels in the basolateral amygdala 
were not different in PCB exposed animals compared to controls. Since the mechanisms 
underlying LTP are similar to the mechanisms that underlie the kindling process, measuring LTP 
in the basolateral amygdala (location of electrical kindling) of developmentally PCB exposed 
animals in comparison to controls may provide evidence that could explain the delay in kindling 
found in PCB exposed animals. Similar studies have been done outside the amygdala where 
post train input/output functions revealed a decrement in the magnitude of evoked LTP and an 
increase in the train intensity required to induce LTP in the dentate gyrus of developmentally 
PCB (Aroclor 1254) exposed animals compared to controls (Gilbert et al., 2000).  
In the AGS model, developmental PCB exposure led to a decrease in GAD65 in the IC. 
This reduction in GAD65 may contribute to a decrease in synaptic GABA at the time of neural 
stress caused by acoustic over stimulation, resulting in PCB exposed animals experiencing 
AGS. In this set of experiments direct measures of GABA in the IC were not made. However, a 
wealth of information is available to indicate that a reduction of GABA in the IC is necessary to 
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induce AGS (reviewed by Faingold, 2002). If a lack of sufficient GABA led to developmental 
PCB exposed animals experiencing AGS, micro dialysis measures of GABA in the ICs of 
animals immediately post AGS should reveal decreased levels of GABA in developmentally 
PCB exposed animals compared to controls. Furthermore, direct application of GABA agonists 
into the IC prior to acoustic stimulation should decrease or block AGS in these animals. These 
experiments would further confirm that the increase in AGS seen in developmentally PCB 
exposed animals is due to a lack of GABA at the level of the IC. 
Another approach would be to study the intrinsic electrophysiological properties in IC 
neurons. To follow up on reduced GAD65 in the IC, future research in our laboratory will focus on 
in vitro whole cell patch clamping to measure mini and spontaneous IPSCs to directly measure 
whether there is reduced inhibitory signaling at the cellular level in the IC. Measurement of ABR 
or DPOAEs in animals that would be used for electrophysiological recordings would strengthen 
this study as correlations between hearing deficits and changes in inhibitory control could also 
be made. These future studies should provide vital information to our understanding of the IC 
and its role in increased seizure susceptibility in developmentally PCB exposed animals.  
A reduction in circulating thyroxin and impairment of OHC function have been 
documented in developmentally PCB exposed rats (Crofton et al., 2000; Powers et al., 2009). 
As discussed in Chapter 3, the reduced circulating thyroid hormone may disrupt development of 
the cochlea and thus mediate the increased AGS that is seen with developmentally PCB 
exposed animals, however, there is no direct evidence linking decreased thyroxin to increased 
AGS in PCB exposed animals. In a study by Goldey and Crofton, 1998, postnatal thyroxin 
replacement attenuated the hearing deficits seen in developmentally PCB exposed rats. 
Similarly, it would be interesting to examine if postnatal thyroxin replacement (during the critical 
window of cochlea development) in PCB rats would decrease AGS susceptibility.   
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In summary, although this research addressed some important questions regarding 
developmental PCB exposure and seizure susceptibility, it also exposed gaps in our knowledge 
and highlighted the need for further research. Although some modes of environmental 
exposures to PCBs such as exposure through the consumption of contaminated fish have 
decreased over time, new evidence indicates that other sources such as PCBs in building 
materials and the inadvertent production of PCBs in paint pigment manufacture will lead to 
continued PCB exposure in our society. Given the ubiquitous nature of PCB exposure, it is 
important to continue to identify and understand the effects of PCB exposure that may lead to 
negative human health impacts.   
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